University of Wollongong

Research Online
University of Wollongong Thesis Collection

University of Wollongong Thesis Collections

2013

Processes controlling fuel dynamics and fire
regimes across environmental gradients in the
Mediterranean region of south eastern Australia
Rebecca Gibson
University of Wollongong

Recommended Citation
Gibson, Rebecca, Processes controlling fuel dynamics and fire regimes across environmental gradients in the Mediterranean region of
south eastern Australia, Doctor of Philosophy thesis, School of Biological Sciences, University of Wollongong, 2013.
http://ro.uow.edu.au/theses/3954

Research Online is the open access institutional repository for the
University of Wollongong. For further information contact the UOW
Library: research-pubs@uow.edu.au

Processes controlling fuel dynamics and fire regimes across
environmental gradients in the Mediterranean region of south eastern
Australia

A thesis submitted in fulfilment of the requirements for the award of the degree

DOCTOR OF PHILOSOPHY

from

UNIVERSITY OF WOLLONGONG

by

Rebecca Gibson, BSc

SCHOOL OF BIOLOGICAL SCIENCES

March 2013

ii

CERTIFICATION
I, Rebecca Gibson, declare that this thesis, submitted in partial fulfilment of the
requirements for the award of Doctor of Philosophy, in the School of Biological
Sciences, University of Wollongong, is wholly my own work unless otherwise
referenced or acknowledged. The document has not been submitted for qualifications
at any other academic institution.

Rebecca Gibson
28 March 2013

iii

ABSTRACT
Fire isa key process that governs the structure and function of terrestrial ecosystems.
Changes in fire regimes have the potential to greatly affect biodiversity and ecosystem
functioning. Fire regimes differ between ecosystems due to variation in fuel dynamics
(i.e. vegetation growth and moisture content), fire weather and ignitions. Patterns of
growth, fuel accumulation and flammability in response to resource availability will
differ fundamentally between fuel systems dominated by grasses compared to woody
plants. As such, the effect of fuel dynamics on fire will beinfluenced byfactors that
determine the relative abundance of grass and shrub cover.

This study aimed to determine the processes controlling fuel dynamics and fire
regimes along moisture and soil fertility gradients of the Mediterranean-climate region
of south eastern Australia; a transitional region between grass and shrub-dominated
fuel systems. The relative influence of climate and soils on controlling grass and shrub
cover and resultant fire probabilities was examined. Effects of competitive interactions
as well as elevated CO2 in interaction with climate and soils on relative grass and
shrub cover were experimentally determined, in order to separate the confounded
factors that occur in the field (i.e. in a southward direction temperature decreases,
rainfall increases, soil fertility decreases and shrub cover increases).

Climate and soils, rather than competition, were the over-arching determinants of the
relative cover of grasses and shrubs across the Mediterranean climate region of south
eastern Australia. The cover of the perennial hummock grass, Triodia scariosaand
woody shrubs changed along the rainfall and temperature gradients in accordance with
predictions given the transitional position of the region; T. scariosacover was
relatively lower in the south under cold, wet conditions than in the north under hot, dry
conditions while the opposite occurred for shrub cover. While shrub cover was higher
on the less fertile soils, soils did not influence the cover of T. scariosa in the field
under a given level of rainfall. By contrast, experimental analysis revealed temperature
was likely to be a more important determinant of the growth and abundance of T.
scariosa, than the distribution of soils.
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Climate and soils also influenced fire probabilities, butthe nature of these influences
largely differed between grass and shrub-dominated vegetation types. Fire frequency
increased with rainfall, which supports predictions based on the general relationships
between productivity and fire. However, fire frequency also increased with soil
fertility in grass-dominated communities, while the opposite trend was apparent in
shrub-dominated communities. In addition, fire probability was more dependent on
fuel-age on low fertility soils in shrub-dominated communities at high rainfall. This
demonstrates that the effects of soil fertility and moisture on fire regimes do not
simply align. Such effects are driven by complex responses of key species to these
differing influences and their ultimate outcome in terms of community composition
(i.e. the relative cover of shrubs and grasses). Conceptual models of fire as a function
of varying productivity need to account for this complexity.

There is strong potential for the nature of fire regimes to be altered in the future via
climate change mediated shifts in fuel types and flammability across the
Mediterranean region of south eastern Australia. Changes in temperature, moisture and
CO2, in association with the distribution of soils have the potential to drive changes in
the relative mix of grasses and shrubs. The results suggest that the less fertile soils that
dominate the south of the region may promote an increase in the cover of T.
scariosaand a decrease in the cover of the woody shrub,Leptospermumcoriaceum(and
possibly other sclerophyllous shrubs), under warmer, drier, high CO2 conditions
projected to occur in the future. This may ultimately lead to a change in community
states from shrub to grass-dominated fuel systems, with corresponding effects on fire
regimes (i.e. a decline in the frequency and fuel-age dependency of fire).
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1

INTRODUCTION

1. 1 Introduction
Fire determines the composition, structure and function of many terrestrial ecosystems
(Thonicke et al. 2001; Bond and Keeley 2005;Bond et al. 2005). Fossil charcoal
indicates that the incidence of wildfires commenced soon after the appearance of
terrestrial plants in the Silurian (420 millions years ago; Scott and Glasspool 2006).
Since that time, there are many instances of changing climatic conditions associated
with changes in vegetation characteristics and fire regimes that have been documented
in paleo-records from across the globe (Shugart and Woodward 2011; Daniau et al.
2012;Mooney et al. 2012). For example, there was a general increase in burning of
vegetation towards the end of the Tertiary (approximately 1.8 million years ago)
across Australia, which corresponded with reduced precipitation, increased climatic
variability and the rise in dominance of sclerophyll and heath vegetation (Kershaw et
al. 2002; Mooney et al. 2012). This demonstrates the interconnected relationship
between climate, vegetation and fire and the long history of evolutionary processes
shaping ecosystem dynamics in the presence of fire across much of the globe.

Fire creates open space that allows regeneration of vegetation,thereby maintaining
vegetation compositionand successional cycles and influencing biodiversity (Gill
1994; Thonicke et al. 2001; Keith et al. 2002;Pausas 2009). Many species have
adapted specific mechanisms to cope with living in fire-prone environments, with
some species evolving dependence on fire for regeneration and persistence (Bond and
van Wilgen 1996; Bond and Keeley 2005;Keeley et al. 2011). Changes in natural fire
regimes, through land-use change, vegetation clearing and fire suppression, have the
potential to greatly affect biodiversity and ecosystem functioning and poses a risk of
local extinction to many species adapted to certain fire regimes (Franklin et al. 2005;
Fisher et al. 2009). For example, systems that are resilient to infrequent high intensity
fire, such as shrublands, may be susceptible to alien invasion and changes in
functional types from deeply rooted shrubs to shallow rooted grasses and forbs, which
may lead to further increases in fire frequency due to the increase in fine fuels (Keeley
and Brennan 2012).
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A process-based understanding of the factors controlling fire regimes is required to
develop appropriate fire management for the preservation of biodiversity and
ecosystem function. Fire regimes differ between ecosystems due to variation in fuel
dynamics (i.e. vegetation growth and moisture content), fire weather and ignitions
(Bradstock 2010; Sullivan et al. 2012). Herbaceous (i.e. grasses and forbs) and woody
plants (i.e. trees and shrubs) represent a key dichotomy in fuel systems due to
fundamentally different fuel properties associated with contrasting patterns of growth,
fuel accumulation and flammability (Walker 1981; O'Connor et al. 2011; Pausas and
Paula 2012; Sullivan et al. 2012; Murphy et al. 2013). As such, the relative mix of
herbaceous and woody plants will have a strong influence on the nature of fire
regimes. Transitional grass/shrub systems may be particularly sensitive to effects of
climate change, as grasses and woody plants are likely to exhibit different responses to
changes in temperature, moisture and CO2 projected to occur with climate change
(Coleman and Bazzaz 1992; House et al. 2003; Bond and Midgley 2012; Cary et al.
2012). Understanding the processes controlling the relative cover of grasses and
woody shrubs and corresponding effects on fire regimes will provide insight into how
fuel dynamics and fire regimes may be expected to change in the future (Matthews et
al. 2012; King et al. 2013).
1. 2 Processes controlling community states and fuel types
1.2.1

Climate and soils

Different plant functional types have inherent physiological limits to temperature and
moisture conditions that can be used to predict the global distribution of major
biomes(i.e. combinations of dominant plant functional types; Prentice et al. 1992; Reu
et al. 2011;Shugart and Woodward 2011). Grassland and forest or shrubland biomes
can occupy a similar range of climatic conditions. For example, warm
grass/shrublands are predicted to occur in a thin band along the margins of hot deserts,
and in the dry interiors of the northern continents (e.g. the US Great Plains and the
steppes of central Asia; Prentice et al. 1992). Delineation of grassland and woodland
biomes along climate gradients show large areas of uncertainty where the woodiness
of

the

biome

cannot

be

predicted

by

variation

precipitation(Whitaker 1975; Prentice et al. 1992;Bond 2008).

in

temperature

and
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Some of the instances where climate predictors do not match present community
composition can be attributed to anthropogenic land degradation and vegetation
clearing (Prentice et al. 1992). However, differences in soil properties are increasingly
recognised as a key factor in determining the balance between herbaceous and woody
plants(Sala et al. 1997; Carrera et al. 2000; Lehmann et al. 2011;Mills et al. 2012).
For example, acidic, low nutrient soils select for plants with hard sclerophyllous
leaves, thereby favouring shrubs over grasses (Kraus et al. 2003; Orians and Milewski
2007; Ojeda et al. 2010; Keeley et al. 2011; Midgley and Bond 2011). In addition,
coarse textured soils hold water deeper in the soil profile and may provide an
advantage to shrubs, particularly during periods of heavy rainfall or under winter
rainfall regimes when there is an increased potential for water to reach greater depths
(Knoop and Walker 1985; Sala et al. 1997).

Fire feedback cycles may also influence community states in transitional grass/woody
plant systems (Hoffmann et al. 2012; Clarke and Lawes 2013).For example, in
savanna (a widespread open woodland system with a C4 grass layer (Lehmann et al.
2011)), a high proportion of grass cover promotes frequent fire, which maintains an
open canopy (low tree cover), therebypromoting C4 grassesin a positive feedback
cycle (Beckage et al. 2009). By contrast, long fire-free intervals in savanna can
promote woody tree cover to a threshold, beyond which C4 grasses are excluded,
thereby further reducing flammability and maintaining a closed-canopy state (Wigley
et al. 2009; Hoffmann et al. 2012). However, there is contention as to whether fire
acts in passive response to vegetation traits that are controlled by other factors (e.g.
climate and soils), or whether fire is a major driving force that determines the balance
between grass and woody plant cover in savanna (Bond et al. 2003; Bucini and Hanan
2007; Higgins et al. 2007; Bond 2008; Sankaran et al. 2008; Lehmann et al. 2011). A
clear understanding of the interactions between climate, vegetation and fire in
association with local influences of soils is particularly important for transitional
grass/woody plant systems. Such knowledge will provide insight into the drivers of
fire regimes and the potential consequences of climate change on community
composition and fire regimes in the future.
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1.2.2

Competition

Plant interactions may also play a role in determining the relative abundance of grass
and shrub cover within a community. While competitive interactions between the life
forms are reported in the literature (Le Roux et al. 1995; Briones 1996; Maestre et al.
2003), there is contention regarding the importance of competition in structuring plant
communities, particularly in water limited environments (Grime 1973; Noy-Meir
1973; Grime 1979; Tilman 1987). Recent studies suggest the presence and strength of
plant interactions (positive and negative) depend upon resource availability (e.g.
stress-gradient hypothesis; Bertness and Callaway 1994; Pugnaire and Luque 2001;
Maestre et al. 2009);(two-phase resource dynamics hypothesis; Goldberg and
Novoplansky 1997; James and Richards 2007; Alvarez et al. 2011). Relative
differences in suitability of environmental conditions for different life-forms may
influence the presence and strength of competitive interactions, shaping community
composition and structure (Briones et al. 1998; Maestre et al. 2003; Clary et al. 2004;
Eggemeyer et al. 2009; Seifan et al. 2010; Throop et al. 2011). Understanding the
influence of climate and soils on relative competitive abilities of grasses and shrubs
may provide insight into the role of competition in determining the relative cover of
these contrasting fuel types.
1.2.3

Atmospheric CO2

Atmospheric CO2 has risen from 280 ppm in 1800 to 400 ppm in 2013(Fraser and
Raupach 2011; Monastersky 2013), which is higher than for at least the past 650,000
years (Jansen et al. 2007). Such increases in atmospheric CO2 are expected to have
direct effects on plant growth, although divergent responses between grasses and
shrubs may be expected. The C4 photosynthetic pathway is CO2 saturated at presentday atmospheric concentrations, while the C3 pathway is CO2- limited (Sage et al.
1999; Keeley and Rundel 2005). Therefore, a rise in atmospheric CO2 is expected to
provide a relatively greater benefit to C3 shrubs than C4 grasses (Wang et al. 2011;
Bond and Midgley 2012;Tooth and Leishman 2012).

However, CO2may interact with other factors such as climate and soils to influence
plant performance in different ways than would be expected from effects of CO2 alone
(Coleman and Bazzaz 1992; Wang et al. 2011). Climate factors are projected to
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change in the near future (i.e. increases in temperature and changes in precipitation),
but the distribution of soils across the landscape will remain constant across a similar
time-scale (e.g. for the next 100 years). Therefore, the relative effects, and interactions
between, climate (e.g. temperature and rainfall), CO2 and soils on the growth of
grasses compared to shrubs needs to be quantified in order to predict potential changes
in fuel dynamics and fire regimes in the future.
1. 3 Implications for fuel dynamics and fire regimes
The relative cover of grasses and shrubs within a community has the potential to
influence fuel dynamics, as grasses and shrubs exhibit differences in growth, fuel
accumulation

and

flammability

in

response

to

variations

in

resource

availability(Walker 1981; Bradstock 2010; O'Connor et al. 2011). For example,
grasses respond with rapid growth to fluxes in resource availability and utilise soil
moisture from top layers in the soil profile, while woody plants utilise more stable
resources, such as deeply stored water and exhibit regular growth patterns (Sala et al.
1997; Ogle and Reynolds 2004). Understanding how fire regime characteristics, such
as the probability of fire in relation to time since last fire (TSF), vary between
communities dominated by contrasting fuel types (i.e. grasses vs shrubs) may provide
insight into the key drivers of fire regimes for a given system. The influence of fuel
accumulation on fire regimes can be inferred from the nature of hazard functions,
which relate the instantaneous probability of burning to fuel age (i.e. time since fire,
TSF) in landscapes(see Figure 1.1; McCarthy et al. 2001; Kitzberger et al. 2012).
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Figure 1.1Flammability functions indicating changes in the probability of fire with
time since the last fire. The models shown are: a. exponential, which represents
systems with a constant fuel load between fire seasons, e.g. grasslands, b.Weibull,
which is a common model that has the flexibility to characterise a wide range of
patterns in flammability with TSF (e.g. increasing or decreasing with TSF), c. Olson,
which represents an asymptotic fuel accumulation pattern with flammability
proportional to fuel load (e.g. dry eucalypt forests in Australia), d. logistic, which
represents systems where fuel load remains low for several years after fire before
increasing to an asymptote, e.g. chaparral of California, and e. moisture, which
represents systems with an initial increase in flammability followed by a decline due
to changes in vegetation composition and structure, e.g. montane ash forests in south
eastern Australia (McCarthy et al. 2001).

1.3.1

Fuel age dependency

The relationship between the occurrence of fire and fuel-age varies widely between
systems of contrasting fuel types and resource availability. For example, in temperate
woody fuel systems,such as the dry eucalypt forests ofAustralia,fuels accumulate
rapidly after fire to an asymptote where the probability of fire then remains constant
with increasing fuel age (Walker 1981; McCarthy et al. 2001). In semi-arid
shrublands, such as the chaparral of California, fuel loads slowly accumulate after fire
but the age of fuels has only a moderate effect on the hazard of fire, while fire weather
conditions exert a relatively greater influence (e.g. the Santa Ana winds; Moritz 2003;
Moritz 2004). In arid grasslands, fire remains independent of fuel-age because fuel
mass is low except following the infrequent, sporadic occurrence of favourable
climate conditions, such as periods of heavy rainfall, when the rapid response of
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ephemeral fuels increases mass and connectivity to facilitate the spread of fire (Allan
and Southgate 2002; Letnic and Dickman 2006; Southgate and Carthew 2007).

Understanding the role of fuel accumulation as time elapses after fire (i.e. fuel age) on
the probability of recurrent fire (i.e fire hazard) may providea means to assess the
likely effectiveness of fire management practices such as fuel treatment (Bradstock et
al. 2012; Matthews et al. 2012; King et al. 2013). For example, prescribed burning in
systems where the probability of recurrent fire is unrelated to fuel age is unlikely to
effectively reduce fire hazard. Furthermore, understanding the factors that influence
fuel accumulation and corresponding effects on the hazard of fire will provide insight
into the key drivers of fire and the potential for fire regimes to be altered with climate
change in the future. This may be particularly pertinent in transitional grass/shrub
systems where boundaries between contrasting fuel systems and fire regimes may be
sensitive to the effects of climate change.

1.3.2

Fire Frequency

Fire frequency relates to the fuel age structure ofa community. Assuming all parts of
an area experience the same fireinterval distribution, the average proportion of the
area burntin each year will equal the reciprocal of the average timebetween
fires(McCarthy et al. 2001). Productivity is postulated to have an overarching
influence on the length of time between recurrent fires (i.e. inter-fire intervals).
Increased productivity is often associated with shorter inter-fire intervals (i.e.
increased fire frequency) due to greater fuel mass and connectivity. Though high
productivity also has the potential to reduce fire frequency by causing fuels to be too
moist to burn (i.e. the productivity-fire frequency model, see Figure 1.2; Bond and
Keeley 2005; Pausas and Bradstock 2007; Krawchuk and Moritz 2011; Pausas and
Ribeiro 2013). In fire ecology literature, the term productivity is often used to describe
climate-limited potential primary production (e.g. the balance of precipitation and
evaporation resulting in moisture available for plant growth), rather than an accurate
representation of actual net primary production that is more often used in agricultural
literature. Notwithstanding potential limitations of this definition, the term
productivity is used throughout this thesis in the sense consistent with fire ecology
literature.
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While the general relationship between productivity, as a function of moisture
availability, and fire frequency has received considerable attention, relatively little is
known about the effects of productivity as a function of soil fertility,on fuel dynamics
and fire regimes. Do variations in soil fertility influence fire frequency in the same
manner as variations in moisture or are effects of soil fertility on fire frequency
dependent on the relative composition of grasses and shrubs?

Figure 1.2 A diagrammatic representation of the hypothetical relationship between
fire frequency and productivity (Bond and Keeley 2005; Pausas and Bradstock
2007;Pausas and Ribeiro 2013).
1. 4 A transitional grass/shrub system within the Mediterranean climate region
of south eastern Australia
The study region encompasses a transitional grass/shrub system within the
Mediterranean climate region of south eastern Australia is situated along a
rainfall/temperature

gradient

(from

approximately

200-600mm/year)between

contrasting climatic regions (see Figure 1.3), with different fuel systems and fire
regimes. Respectively, there arearid grasslands and woodlands to the north where fire
is largely driven by ephemeral fuels following infrequent and sporadic periods of
heavy rainfall (Allan and Southgate 2002; Letnic and Dickman 2006; Southgate and
Carthew 2007), and temperateforests and shrublands to the south where fire is
relatively more frequent, and related to the accumulation of woody litter fuels (Walker
1981; Bradstock et al. 2012). Semi-arid mallee woodlands are dominated by multistemmed Eucalyptus species (i.e. the mallee growth-form) with an understory
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containing the perennial hummock grass (Triodiasp.) and woody shrub species and
predominantly occur in the north of theregion. Temperate mallee heathlands, which
contain a relatively dense abundance of woody shrubs with a low abundance of
hummock grasses, is extensive across the south of the region (Noble and Vines 1993;
Bradstock and Cohn 2002; Bradle 2010;CHAH 2013). Solonised brown earths
(hereafter ‗red sands‘) dominate the study area from 220-370mm/year. These sands
are alkaline with poor to moderate fertility and commonly support semi-arid mallee
(Blackburn and Wright 1989). Solodisedsolonetz are pale/yellow in colour (hereafter
‗yellow sands‘) and occur where rainfall exceeds 300mm/year. These sands are
relatively more acidic, less fertile and more coarse than the red sands and commonly
support temperate mallee heathlands (Blackburn and Wright 1989). In the transitional
zone from 300-370mm/year, Triodia scariosaoccurs on both the red and yellow sands,
but is largely absent further south where mallee heath vegetation occurs on yellow
sands.

Figure 1.3Location of the study region in south eastern Australia across the E1
(classic ―Mediterranean‖ climate with peaks of growth in winter and spring), E2
(―Mediterranean‖ climate, but with drier cooler winters and less growth than E1)
andE6 (semi-arid climate) agro-climatic classes of Hutchinson et al.(2005).
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Previous research across the Mediterranean region of south eastern Australia has
demonstrated that fire frequency increases with increasing rainfall, corresponding with
an increase in total cover and the proportion of shrub cover (Pausas and Bradstock
2007). The influence of fuel-age on the hazard of fire may also be expected to follow
the transition from the grass-dominated arid system, where fire is expected to be
independent of fuel age to shrub-dominated temperate systems, where fire is relatively
more dependent on fuel age (Walker 1981; McCarthy et al. 2001). Whileincreased
moisture availability is expected to promote above-ground plant productivity resulting
in higher fire frequency, the processes driving community compositional changes and
predicted changes in fuel-age dependency of fire are not well understood. As total
rainfall increases across this region, there are corresponding changes in temperature
and rainfall seasonality (i.e. temperatures become cooler, rainfall becomes winterdominated (Hutchinson et al. 2005), as well as a change in soil fertility. Given that
patterns of total rainfall, temperature, seasonality of rainfall and soils are partly
confounded across the region, the relative influence of these factors on community
composition and resultant fuel dynamics is unclear.

Climate factorsmay influence the photosynthetic capabilities ofplants that utilise the
C3and C4 photosynthetic pathways in contrasting ways. Plants that use the C4 pathway
(e.g. the perennial hummock grass, Triodia sp.) have the potential for higher rates of
photosynthesis and better water-use efficiency in warm, dry or monsoonal climates
with high light availability (Ehleringer and Monsons 1993; Sage et al. 1999; Osbourne
and Freckleton 2009). Accordingly, C4plants are more likely to occur where there is
summer rather than winter rainfall, while the opposite trend may be likely for C3plants
(i.e. woody shrubs; (Pearcy et al. 1981; Paruelo and Lauenroth 1996; Sage et al. 1999;
Murphy and Bowman 2007). Thus, the decline in temperatures or the change to
winter-dominated rainfall changes maybe expected to control the transition from grass
to shrub-dominated fuel systems across the Mediterranean region of south eastern
Australia.

The change in dominant soils across the Mediterranean region of south eastern
Australia may also play a role in determining the relative cover of grasses and shrubs.
Previous research suggests that the relatively more acidic, coarse-textured yellow soils
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may provide relatively more favourable conditions for shrubs than grasses (Sala et al.
1997; Orians and Milewski 2007; Keeley et al. 2011; Midgley and Bond 2011).
Changes in environmental suitability for one life-form over the other may influence
the presence and strength of competitive interactions and hence fuels, by shaping
community composition and structure (Briones et al. 1998; Maestre et al. 2003;
Eggemeyer et al. 2009; Throop et al. 2011). For example, winter rainfall regimes may
be expected to enhance the competitive strength of shrubs over grasses. Given the
potential for complex interactions of climate and soils with atmospheric CO2 on grass
and shrub cover(Coleman and Bazzaz 1992; Sala et al. 1997; Morgan et al. 2011),
examination of the relative influence of atmospheric CO2 in association with other
factors will allow predictions to be derived of potential changes in community
composition in response to future climate change.
1. 5 Summary of aims and thesis structure
This study aimed to determine the processes controlling fuel dynamics and fire
regimes along climate and soil fertility gradients of the Mediterranean-climate region
of south eastern Australia. We examined the effects of moisture, temperature and soils
on controlling the relative grass and shrub cover and corresponding fire probabilities.
In addition, the effects of competitive interactions and CO2, in interaction with climate
and soils, on relative grass and shrub cover were investigated.

The specific aims of the research were:
1.

To determine the influence of rainfall, time since fire (TSF; an indicator of

potential fuel accumulation) and soil type and on the relative cover of grasses and
shrubs.
Given the transitional nature of the Mediterranean region of south eastern Australia,
situated between arid grasslands and temperature shrublands and forest, the dominant
understory fuel type was predicted to switch from grasses in the north to woody
shrubs in the south. The less fertile yellow soils were predicted to favour shrubs,
irrespective of effects of rainfall or TSF. In addition, TSF effects on relative grass and
shrub cover were investigated to determine whether the influence of different fuel
types could be expected to alter fire probability as time elapses after fire. Chapter 2
presents the analysis of field measurements of fuel components (ephemerals, grasses,
shrubs and trees) across rainfall, TSF and soil combinations.
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2.

To determine whether competition from dominant woody shrubsis a

determinant of grass abundance, and whether potential competitive effects are
mediated by variations in rainfall, TSF and soils.
As yellow sands and winter rainfall were expected to provide more suitable growing
conditions for shrubs, it was predicted that the strength of competitive suppression of
grasses by woody shrubs would increase under these conditions. Chapter 2 presents
the results of nearest neighbour competition analysis across combinations of rainfall,
TSF and soils in the field.

3.

To determine how fire probability and inter-fire intervals respond to gradients

of climate and soils and changes in fuel types (grasses vs. shrubs) in the
Mediterranean region of south eastern Australia.
We used fire history data for the region to test the prediction that probability of
burning would become more dependent on fuel-age as rainfall increased from north to
south. We also tested the prediction that fire probability would be more dependent on
fuel age in shrub-dominated communities compared with grass-dominated
communities. Chapter 3 presents the results of the fire probability analysis.

4.

To

experimentally

determinewhether

competition

from

woody

shrubssuppresses the growth of Triodia scariosa, and whether potential competitive
interactions are mediated by environmental factors (temperature, moisture and soils).
As climate factors, soils and vegetation changes are partly confounded across the
landscape, field measurements of potential competitive interactions would not be able
to differentiate between influences of moisture, temperature and soils on competitive
interactions. Therefore, manipulative experiments were used to separate the potential
influence of environmental factors on the presence and strength of competitive
suppression of T. scariosa by woody shrubs. Coarse textured soils and winter rainfall
were predicted to enhance the competitive ability of shrubs over T. scariosa. Chapter
4 presents the results of the competition experiment.

5.

To experimentally examine the influence of elevated CO2 in association with

temperature, moisture and soils on the relative growth of grass and shrub species from
the Mediterranean region of south eastern Australia.
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We examined the relative influence of temperature, moisture, soils and CO2 on the
growth of T. scariosa, and two common woody shrub species (A. ligulataand L.
coriaceum) to provide insight into the potential for future changes in relative grass and
shrub cover across the Mediterranean grass/shrub system of south eastern Australia.
Chapter 5 presents the results of this experiment.

In Chapter 6, the results presented in previous chapters of the thesis are unified in a
general synthesis that addresses the problem of the controls on vegetation, fuels and
fire regimes in these transitional Mediterranean-climate communities. General
implications of future change in climate and the atmosphere, along with management
implications are discussed.
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2

CHANGING DOMINANCE OF KEY PLANT SPECIES ACROSS A
MEDITERRANEAN CLIMATE REGION; IMPLICATIONS FOR FUEL
TYPES AND FUTURE FIRE REGIMES

2. 1 Abstract
Herbaceous and woody plants represent different fuel types in flammable ecosystems,
due to contrasting patterns of growth and flammability in response to productivity
(moisture availability). However, other factors, such as soil type, fire regimes and
competitive interactions may also influence the relative composition of herbaceous
and woody plants within a community. The Mediterranean climate region of south
eastern Australia is transitional between two contrasting fuel systems; herbaceousdominated in the dry north, versus woody-dominated shrublands in the relatively
moist south. Across the rainfall gradient of the region, there are confounded changes
in dominant soil types and fire frequency. We used model-subset selection using
Akaike‘s Information Criterion to examine potential driving mechanisms of
community compositional change from herbaceous (e.g. Triodia scariosa, Austrostipa
sp.) to woody plants (e.g.Beyeriaopaca, Leptospermum coriaceum, Acacia ligulata)
by measuring relative cover across combinations of rainfall, time since the last fire
(TSF) and soil type. We examined the relative influence of environmental versus
competitive interactions on determining the cover of perennial hummock grass,
Triodia scariosa, and co-occurring woody shrubs. Rainfall and soil types, rather than
competition, were the over-arching determinants of the relative cover of grasses and
shrubs. Given the sensitivity to rainfall, our results indicate there is strong potential for
the nature of fuel, flammability and fire regimes to be altered in the future via climate
change in this region.

2. 2 Introduction
Foliage (live or dead) constitutes fuel for fires. Processes controlling the growth and
state of foliage will therefore have a major bearing on fire regimes, in addition to
weather and ignitions(Pausas and Bradstock 2007; Bradstock 2010). For example, the
amount of foliage and its spatial connectivity will tend to increase with moisture,
thereby promoting fire, but high moisture also has the potential to inhibit fire by
causing foliage to be too moist to burn (Fig. 1.2; Bond and Keeley 2005;Archibald et
al. 2009).
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Moisture also influences fire by determining the distribution and abundance of species
which have the potential to dominate plant cover (Bradstock 2010; Lehmann et al.
2011). Dominance by either grasses and herbs or woody plants (i.e. trees and shrubs)
is a key dichotomy in fuel systems. Grasses and shrubs have contrasting patterns of
growth and flammability (Murphy et al. 2013; Pausas and Paula 2012). For example,
ephemeral grasses respond rapidly to fluxes in resource availability, while woody
plants use more stable resources, such as deeply stored water and exhibit more regular
growth patterns (Ogle and Reynolds 2004). Therefore fire typically occurs in
communities dominated by ephemeral grasses after periods of above average rainfall,
due to increased biomass(Bradstock 2010; Pausas and Paula 2012). By contrast, fire in
communities dominated by woody plants is influenced by regular patterns of woody
litter fuel accumulation and preceding drought conditions, which influence fuel
moisture content (Bradstock 2010; Pausas and Paula 2012).

Dominant plant life forms, and therefore alternative fuel systems, are influenced by
other factors such as edaphic conditions, fire regime effects and competitive
interactions. For instance, the rooting depth of grasses is typically not as deep as
shrubs (Schenk and Jackson 2002), hence soils with contrasting infiltration rate and
water holding capacity may promote dominance of one life form over the other (Ogle
and Reynolds 2004; Wills and Clarke 2008). Fire regimes with different frequency
and severity characteristics may also promote dominance of one life form over the
other (Sankaran et al. 2005). Relative differences between shrubs and grasses in
response to environmental conditions may influence competitive interactions (Throop
et al. 2011).

Mediterranean-type ecosystems contain a variable mix of herbaceous and woody plant
species. attributable to variations in phylogeny, soils, climate and fire regimes, both
within and between different regions of the world (Keeley et al. 2012; Pausas and
Bradstock 2007). The Mediterranean climate region of south eastern Australia is a
transitional zone positioned between the arid zone to the north and temperate forests
and shrublands in the wetter, temperate south (Pausas and Bradstock 2007). In the arid
zone, fire is limited by fuel connectivity and mass, except when ephemeral herbs and
grasses respond vigorously to periodic heavy rainfall (Bradstock 2010). By contrast in
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the south, spatially continuous surface litter fuels accumulate in a regular manner and
become available to burn under combined antecedent drought and concurrent fire
weather conditions (Bradstock 2010). Previous research across this region indicates
that fire frequency is positively correlated with rainfall and woody plant cover (i.e.
shrub and tree cover, Pausas and Bradstock 2007). However, with an increase in total
rainfall, there is also a change in rainfall seasonality and dominant soils across the
region; rainfall becomes winter-dominated (Hutchinson et al. 2005) and soils change
from solonised brown earths (i.e. red/brown, alkaline and more fertile) to
solodisedsolonetz soils (i.e. pale/yellow, acidic and less fertile) in a southerly direction
(Blackburn and Wright 1989). Given the largely confounded nature of potential
environmental drivers of changes in fuel systems and fire regimes, the processes that
control this transition are not well understood.

We addressed the following questions, through comparative analyses of the cover of
key fuel elements along the rainfall gradient within the Mediterranean region of
southern Australia:
1. How do rainfall, time since last fire (TSF, an indicator of potential fuel
accumulation) and soils influence the relative cover of the key species?
2. Is competition from dominant woody life-forms (i.e. trees and shrubs) a
determinant of grass and herb abundance?
3. How are such competitive effects mediated by variations in rainfall, TSF and
soils?
4. Do potential interactions of environmental and competitive effects with TSF
cause a shift in the relative influence of key species on how fire probability
changes with TSF?
Thetiming of this study (2010-2011) provided an opportunity to examine
ephemeral plant cover following one of the strongest La Niñaevents on record,
where significantly higher than average rainfall occurred for approximately eight
months from late 2010 to early 2011 (BOM 2013). Extensive rainfall events,
particularly those associated with the La Ninã phase of the El Ninõ/Southern
Oscillation (ENSO), prompt population booms of ephemeral and annual plants
(Letnic et al. 2005). In arid regions, this increase in fuel biomass leads to an
increased risk of extensive wildfires in the years immediately after exceptional
rainfall events (Letnic and Dickman 2006).
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2. 3 Methods
2.3.1

Study Area

The study area encompassed the Murray Lowland province in the semi-arid region of
south eastern Australia (Fig.2.1), across undulating dune fields of aeolian sands.
Eucalypts with the multi-stemmed mallee growth habit are the dominant life form in
the region, occurring on the infertile sandy substrates under rainfall from
approximately 200-600mm/year (Bradstock and Cohn 2002).As total rainfall increases
across this region, there are corresponding changes in temperature and rainfall
seasonality. Temperatures become cooler and rainfall becomes winter-dominated
(Hutchinson et al. 2005).

Figure 2.1 Location of the national parks and nature reserves in south eastern
Australia, in which the study was conducted.
Solonised brown earths (hereafter ‗red sands‘) dominate the study area from 220370mm/year. These sands are alkaline with poor to moderate fertility and support
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semi-arid mallee woodlands with and understory dominated byTriodia scariosa,
shrubs and ephemeral herbs (Blackburn and Wright 1989). Solodisedsolonetz are
pale/yellow in colour (hereafter ‗yellow sands‘) and occur where rainfall exceeds
300mm/year. These sands are relatively more acidic, less fertile and more coarse than
the red sands and commonly support mallee heath with a diversity of sclerophyllous
shrubs (Blackburn and Wright 1989). In the transitional zone from 300-370mm/year,
T.scariosaoccurs on both the red and yellow sands, but is largely absent further south
where mallee heath vegetation occurs on yellow sands.

Species in fire-prone landscapes, such as the Mediterranean region of south eastern
Australia,respond to fire byvegetative regrowth (i.e. resprouters such as Triodia
scariosa, Eucalyptus sp. andMelaleucauncinata) or by regeneration from a soil or
canopy-stored

seedbank

(i.e.

obligate

seeders

such

as

Beyeriaopaca,

CallitrisverrucosaandWestringiarigida; Bradstock and Cohn 2002; Clarke et al.
2013). Previous research in this region indicates that as rainfall increases, the
proportion of obligate seedersdeclineswhile resprouters increase, corresponding with
an increase in fire frequency (Pausasand Bradstock 2007).
2.3.2

Site Selection

Sites were selected in each ofthree categories of rainfall; low (220-240mm/yr),
moderate (260-280mm/yr) and high (310-330mm/yr). In order to examine how
competitive interactions may change with TSF, we used space-for-time substitution
whereby three TSF categories were sampled within each rainfall category; recent (<10
years), medium (20-40 years) and long (>60 years).Fire history mapping from State
government agencies (NSW, SA and Victoria) was used for site selection. The spatial
resolution of fire history data varies, due to different methods of data capture (e.g.
satellite imagery, GPS and mudmaps). For the Murray Lowland region, fire history
data derived from satellite imagery interpreted by the Mallee Fire Group at LaTrobe
University was used, with a minimum spatial resolution of 50m. Sites were selected
on each of the sand types at high rainfall only, where both types co-occur. A total of
48 sites were selected for field sampling. This included 4 replicate sites within each
combination of rainfall and TSF on red sands, plus 4 sites in each TSF category at
high rainfall on yellow sands. At each site, a 50 metre transect was set up, with the
starting point randomly selected.
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Sites were selected within the perimeters of past wildfires only, due to wider
availability. Care was exercised to ensure each transect was situated within an evenly
burnt patch of target TSF. As fire frequency increases with increasing rainfall in the
region (Pausas and Bradstock 2007), differences in mean fire return interval were
unavoidable in site selection. At low rainfall, all sites had been burnt only once during
the period of fire history records, whereas sites at moderate and high rainfall had
either been burnt once or twice. In cases where sites had multiple previous fires, the
minimum fire return interval was greater than 30 years. Given that the heavier
textured soils of swales support a different mix of herbaceous species and woody
shrubs than dunes (Bradstock and Cohn 2002), sites were chosen on crests of eastwest trending dunes in order to ensure consistency in comparisons of community
composition across rainfall, TSF and sand categories.

Replicate transects were mostly sampled within the perimeter of a single fire for each
TSF category due to the limited availability of discrete wildfires of equivalent age.
The distance between transects was maximised to improve their spatial independence.
In moderate and long TSF, transects were 1-2km apart, as the area available to sample
was generally >10,000 hectares. However, in recent TSF sites at low, moderate and
high rainfall, transects were 100-500 metres apart, as the size of these fires were
relatively small (< 800 hectares).

2.3.3

Cover

On each transect, the first 25individuals of each life form (shrub and T. scariosa)
within 1 metre either side of the transect line were selected. The size of each
individual hummock and shrub (height and two perpendicular measurements of width)
was measured. The distance at which the 25th individual occurred along the transect
was used to calculate the area sampled and to estimate cover. For each mallee eucalypt
intersecting the transect, the length and width of the canopy was measured. Due to the
high densities of individual shrub seedlings in the recent TSF classes, shrub cover was
estimated in ten evenly spaced plots (1m2) along the transect, rather than selecting the
first 25 individuals. Similarly, the cover of ephemeral fuels was estimated in ten even
spaced plots (1m2) along the transect in each TSF class.In general, litter fall is
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confined to the space beneath the canopy of perennial plants, therefore, the cover of
bare ground was inferred from the sum of cover of all perennial plants across each
transect.

2.3.4

Nearest neighbour

Nearest neighbour analysis assumes that a positive correlation between the distance
separating the neighbouring plants and the sum of their sizes is evidence of
competition (Pielou 1962; Shackleton 2002). This approach was used to test for the
presence of interspecific competition among T. scariosa and shrub individuals. Given
that T. scariosa cover was expected to diminish with increasing rainfall due to
increased competition with shrubs, the presence and/or strength of intraspecific
competition was predicted to diminish accordingly, while interspecific competition
was predicted to increase.

In order to scrutinise potential effects of rainfall, TSF and sand type on competitive
interactions, nearest neighbour data was collected along each transect sampled for
cover. Between five and ten T. scariosa individuals were selected at least five metres
apart on each transect. Target T. scariosaindividuals were selected so that no two
plants shared any nearest neighbours, thus ensuring independent sampling. For each
plant, canopy volume was estimated, rather than canopy area as previous reports have
suggested the use of canopy area is too simplistic (Shackleton 2002). We investigated
effects of the five nearest neighbours, to avoid the potential case in which another
close neighbour may be larger than the first nearest neighbour and thus could have an
over-riding influence on the size of the target plant (Pielou 1962; Shackleton 2002).

2.3.5

Statistical Analysis

Cover Data
Effects of rainfall, TSF and sand type on the cover of each growth form; eucalypts, T.
scariosa, shrubs, and ephemerals, were explored using analysis of variance (ANOVA)
and Tukey‘s Honestly Significant Difference (HSD) tests on the ANOVA models.
Rainfall (low/moderate/high), TSF (recent/medium/long) and sand type (red/yellow)
were represented as factors, while the cover of each of the alternative perennial life
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forms (shrubs, T. scariosaand/or eucalypts) was included as a covariate. As sand type
effects could only be tested for one level of rainfall (i.e. high rainfall, where they cooccur), TSF and sand type were included in a separate analysis for each growth form.
All models were tested for normal distribution of errors using the Shapiro-Wilks test
on the residuals. Eucalypt and T. scariosacover required a square root transformation,
and ephemeral cover required a quartic root transformation, as log-based
transformations did not achieve normality in the residuals. All analyses were done
using R, v.2.13.1 (R Development Core Team 2011).

The cover of target perennial species (eucalypts, T. scariosa and shrubs) may be
influenced by competition from the other perennials. Therefore, each cover analysis
included the cover of alternative perennial species along with rainfall, TSF and sand
type as potential predictors. Similarly, the cover of perennial plants may competitively
influence ephemeral cover. Therefore the influence of rainfall, TSF and sand type on
total cover of combined perennial plants was initially examined. Then ephemeral
cover was analysed in relation to the combined cover of perennial plants (eucalypts, T.
scariosaand shrubs) along with rainfall, TSF and sand.

Nearest Neighbour Effects
To test for intraspecific competition, the classic nearest neighbour method (equation
1) was used, along with all combinations of effects and interactions of the
environmental variables (TSF,rainfall and sand type) as explanatory variables to
produce the candidate set of GLMs. The equation takes the form:
( ∑SizeTN1:x + Tsize) ~ ( ∑ Dist.SN1:x ) + (environmental variables) (1)
Where ‗∑SizeTN1:x‘represents the summed size of the ‗x‘ number of conspecifics (i.e.
T. scariosa) plants within the nearest 5 neighbours, ‗Tsize‘ represents the size of the
target T. scariosaand ‗∑Dist. TN1:x‘represents the summed distance to each of the T.
scariosa neighbours from the target T. scariosa. A positive correlation between the
response variable (summed size of the target T. scariosa and T. scariosaneighbours)
and the distance explanatory variable (summed distance from the target T. scariosato
its T. scariosa neighbours) was expected to provide evidence of competition. Any
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competitive effects will be expressed as an inverse relationship between plant size and
distance to conspecific neighbours.

A variation of this formula was used to test for interspecific competition between
shrubs and T. scariosa, by replacing the summed size and summed distance of
intraspecific neighbours with that of shrub neighbours using the formula:
( ∑SizeSN1:x + Tsize) ~ ( ∑ Dist.SN1:x ) + (environmental variables) (2)
Where ‗∑SizeSN1:x‘represents the summed size of the ‗x‘ number of shrubs within the
nearest 5 neighbours, ‗Tsize‘ represents the size of the target T. scariosaand ‗∑Dist.
SN1:x‘represents the summed distance to each of the shrub neighbours.
Using the classic nearest neighbour formulamay be problematic in testing for
interspecific competitive interactions between shrubs and T. scariosa. A positive
correlation between (∑SizeSN1:x + Tsize) and (∑ Dist.SN1:x) (see equation 2) had the
potential to reflect competitive interactions between the shrub neighbours themselves
(irrespective of the presence of T. scariosa), given that shrubs were usually much
larger than T. scariosain medium and long TSF classes. Therefore, a comparison of
the results from equation (2) was made to an alternative equation (3) that excludes the
size of the target T. scariosafrom the response variable, to examine whether the
presence of T. scariosamade a difference to the relationship between summed size and
distance to neighbours, using the formula:
( ∑SizeSN1:x) ~ ( ∑ Dist.SN1:x ) + (environmental variables)

(3)

An additional variation on the classic nearest neighbour formula was implemented to
test for interspecific competition between shrubs and T. scariosausing the formula:
Tsize~ (∑ SizeSN1:x * ∑ Dist.SN1:x ) + (environmental variables) (4)
A negative correlation between the size of the target T. scariosaand the summed size
and distance to shrub neighbours was expected to provide evidence of a competitive
effect of shrubs on T. scariosa.
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The effects of rainfall and TSF on intra- and interspecific competition were examined
in separate analyses to the effects of TSF and sand type because yellow sand was
sampled at high rainfall only. Model-subset selection using Akaike‘s Information
Criterion corrected for small sample size (AICc) was done to identify the best model
from the full set of candidate generalised linear models (GLMs) (Burnham and
Anderson 2002). Any model within 2AICc points of the top model (i.e. the model with
the smallest AICc) was considered to have strong support (Burnham and Anderson
2002). All effects or interactions represented in the best set of models (i.e. all models
within 2 AICc points of the top model) were analysed for their relative importance in
explaining total deviance using hierarchical partitioning (MacNally 2000). In all cases,
the response variable was transformed to meet the assumptions of normality,
determined by the Shapiro-Wilks test on the residuals of the model.

2. 4 Results
2.4.1

Factors controlling the cover of contrasting plant growth forms

Eucalypt cover was significantly influenced by TSF and rainfall, whereby cover
increased with TSF (p < 0.0001, Table 2.1, Figure 2.2a) and rainfall (p=0.016, Table
2.1, Figure 2.2b). There was no effect of sand type, or shrub and T. scariosacover, on
eucalypt cover.

A significant interaction between rainfall and TSF influenced T. scariosacover,
wherebycover increased with TSF at low and moderate rainfall, but not at high
rainfall, where it remained low (p < 0.0001, Table 2.1, Figure 2.2c.). There was no
effect of sand type, shrub or eucalypt cover on T. scariosacover.

Shrub cover was significantly influenced by rainfall, sand type and eucalypt cover.
Shrub cover was lower at low rainfall compared to moderate and high rainfall (p =
0.045, Table 2.1, Figure 2.2d), higher on yellow sand than red sand (p = 0.003, Table
2.1, Figure 2.2e) and there was a significant negative correlation of shrub cover with
eucalypt cover (p = 0.04, Table 2.1 and Figure 2.2f). There was no effect of T.
scariosacover on shrub cover.
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Total perennial plant cover was significantly influenced by rainfall and TSF, where
cover was higher at moderate, compared to low and high rainfall (p = 0.043, Table 2.1
and Figure 2.2g) and increased with TSF (p<0.0001, Table 2.1 and Figure 2.2h).

Ephemeral cover was significantly influenced by interactions between TSF and
rainfall and between TSF and sand. Ephemeral cover increased with TSF at low
rainfall, but decreased with TSF at moderate and high rainfall (p = 0.0007, Table 2.1
and Figure 2.2i). At high rainfall, ephemeral cover significantly decreased with TSF
on yellow sand, but not red sand (p = 0.006, Table 2.1 and Figure 2.2j). Perennial
cover did not have a significant influence on ephemeral cover.
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Figure 2.2a. Effect of time since fire (TSF) on eucalypt cover, b. Effect of rainfall on
eucalypt cover, c. Interaction of TSF and rainfall on T. scariosa cover, d. Effect of
rainfall on shrub cover, e. Effect of sand eucalypt cover on shrub cover, f. Effect of
eucalypt cover on shrub cover (dotted lines represent 95% confidence limits), g. Effect
of rainfall on total perennial cover, h. Effect of TSF on total perennial cover, i.
Interaction of rainfall and TSF on ephemeral cover, j. Interaction of sand and TSF on
ephemeral cover. ‗Recent‘ TSF is <10 yrs, ‗medium‘ TSF is 20-40 yrs and ‗long‘ TSF
is >60 yrs. ‗Low‘ rainfall is 220-240mm/yr, ‗moderate‘ rainfall is 260-280mm/yr and
‗high‘ rainfall is 310-330mm/yr. Bars represent 95% confidence limits.
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Table 2.1 Summary of statistics for the two analysis of variance (ANOVA) models
for each fuel element; eucalypts, T. scariosashrubs, combined perennials and
ephemerals. Significant p-values are in bold. TSF (time since fire).
Fuel Element

Eucalypts

T. scariosa

Shrubs

Perennials

Ephemerals

2.4.2

Model 1: Cover ~ TSF*Sand + Covariate

Model 2: Cover ~ TSF*Rainfall + Covariate

Coefficient

Df

F-value

P-value

Coefficient

Df

F-value

P-value

TSF

2

10.45

0.001

TSF

2

14.81

<0.0001

Sand

1

2.89

0.11

Rainfall

2

4.88

0.016

Shrubs

1

0.06

0.81

Shrubs

1

3.81

0.06

T. scariosa

1

2.33

0.15

T. scariosa

1

2.40

0.13

TSF*Sand

2

0.42

0.66

TSF*Rainfall

4

2.62

0.06

TSF

2

0.64

0.53

TSF

2

13.22

<0.0001

Sand

1

1.20

0.29

Rainfall

2

13.42

<0.0001

Eucalypts

1

2.62

0.13

Eucalypts

1

0.24

0.63

Shrubs

1

1.75

0.21

Shrubs

1

2.52

0.12

TSF*Sand

2

2.44

0.14

TSF*Rainfall

4

4.67

0.002

TSF

2

1.81

0.20

TSF

2

3.14

0.06

Sand

1

11.75

0.003

Rainfall

2

3.53

0.045

Eucalypts

1

0.23

0.64

Eucalypts

1

4.68

0.040

T. scariosa

1

1.57

0.23

T. scariosa

1

0.90

0.35

TSF*Sand

2

1.17

0.34

TSF*Rainfall

4

2.37

0.08

TSF

2

7.82

0.004

TSF

2

13.64

<0.0001

Sand

1

0.09

0.77

Rainfall

2

3.56

0.043

TSF*Sand

2

0.53

0.60

TSF*Rainfall

4

0.42

0.79

TSF

2

51.04

<0.0001

TSF

2

8.43

0.001

Sand

1

15.45

0.001

Rainfall

2

23.99

<0.0001

All Perennials

1

0.07

0.80

All Perennials

1

0.90

0.35

TSF*Sand

2

7.22

0.006

TSF*Rainfall

4

6.80

0.0007

Competitive interactions within and between key species

The preferred model testing for the effects of TSF and rainfall on intraspecific
competition between T. scariosaplants (i.e. lowest AICc) contained a significant
positive relationship between target T. scariosaplants and their T. scariosaneighbours
(p = 0.007, equation 1; Table 2.2), which did not interact with rainfall or TSF classes.
The preferred model testing for the effects of TSF and sand on intraspecific
competition between T. scariosaplants contained a significant interaction between
distance to neighbours and sand type. There was a positive correlation between the
summed size of the target T. scariosaplants and their T. scariosaneighbours and the
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summed distance to the neighbours that occurred on red sand but not yellow sand
(p=0.003, equation 1, Table 2.3 and Fig. 2.3a).
There was a significant positive relationship between the ‗summed size of the target T.
scariosaandsize of shrub neighbours‘ with the ‗summed distance to shrub neighbours‘,
consistent across TSF and rainfall/sand categories (equation 2, Table 2.2 and Table2.3,
Fig. 2.3a). However, there was no difference between the results using equation (2)
and equation (3) which removed the target T. scariosasizefrom the response variable.
This suggests that competition between shrubs was having an over-riding influence on
the result. The best model of T. scariosasize (i.e. equation 4) contained a significant
interaction of rainfall and TSF (equation 4, Table 2.2 and Fig. 2.3b) but did not
contain the explanatory variable of ‗summed size and distance to shrub neighbours‘.
Therefore, any competitive effects of shrubs on T. scariosawere not detected in this
study.

Figure 2.3 a. Effect of sand type on intra-specific competition between T. scariosa
plants, b. Competition between shrubs
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Table 2.2 Hierarchical partitioning for nearest neighbour results of all effects or interactions represented in the best set of models (i.e. all models
within 2 AICc points of the top model) on red sand (TSF and rainfall effects). Statistical significance level: *<0.05, **<0.01, ***<0.001, n.s =
non-significant.

Competitor
T. scariosa
equation (1)
Shrubs
equation (2)
Shrubs
equation (3)
Shrubs
equation (4)

Best Models

dAICc

Relative percentage of total explained deviance

Deviance
Explained

Dist.

Rainfall

TSF

Rainfall*TSF Int.

(∑SizeTN1:x + Tsize) ~ (∑ Dist.TN1:x)+ rainfall * TSF

0.00

53.11

8.60**

5.97***

25.09***

60.33***

(∑SizeSN1:x + Tsize) ~ (∑ Dist.SN1:x) + rainfall * TSF

0.00

53.51

24.92***

1.23(n.s)

24.71***

49.11*

(∑SizeSN1:x)~ (∑ Dist.SN1:x) + rainfall * TSF

0.00

53.51

34.52***

2.92(n.s)

18.69***

43.84*

Tsize ~ TSF * rainfall

0.00

35.17

-

6.76***

23.99**

69.23**
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Table 2.3 Hierarchical partitioning for nearest neighbour results of all effects or interactions represented in the best set of models (i.e. all models
within 2 AICc points of the top model) at high rainfall (TSF and sand effects). Statistical significance level: *<0.05, **<0.01, ***<0.001, n.s =
non-significant.
Relative percentage of total explained deviance
Competitor

T. scariosa

Model Formula (TSF and sand)

dAICc

Deviance
Explained

Dist.

Dist*Sand Int.

(∑SizeTN1:x + Tsize) ~ (∑ Dist.TN1:x) * sand

0.00

27.47

77.61***

11.19**

(∑SizeTN1:x + Tsize ) ~ (∑ Dist.TN1:x)+ TSF

1.55

26.32

51.72**

-

equation (2)

(∑SizeSN1:x + Tsize) ~ (∑ Dist.SN1:x) + sand * TSF

0.00

49.45

24.05***

Shrubs
equation (3)

(∑SizeSN1:x)~ (∑ Dist.SN1:x)+ sand * TSF

0.00

46.23

Shrubs
equation (4)

Tsize ~TSF +sand

0.00

9.4

11.19(n.s

TSF

Sand *TSF
Int

-

-

-

48.27**

-

-

0.14***

32.39***

43.40***

24.05***

-

0.14***

32.39***

43.40***

-

-

40.24*

49.75**

-

equation (1)

Shrubs

Sand

)
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2.4.3

Dominance of key species across the landscape

At low rainfall, cover of grasses was strongly dominant in medium and long TSF
classes (approximately 30-50%), with shrubs and grasses approximately equal at
recent TSF (Fig. 2.4). At moderate rainfall, cover of grasses was strongly dominantat
long TSF (approximately 30%), while the cover of shrubs and grasses was
approximately equal at recent and medium TSF. At high rainfall on red sand, shrub
cover was dominant over grass cover by approximately 25% at medium TSF, while
the cover of shrubs and grasses was approximately equal at recent and long TSF. At
high rainfall on yellow sand, shrub cover was strongly dominantirrespective of TSF
(approximately 25%).

Figure 2.4Relative cover of grasses and herbs compared to shrubs across rainfall,
sand types and TSF. Rainfall and sand types are ordered from left to right as they
appear in the landscape from north to south (i.e. increasing rainfall from north to south
with yellow and red sand at high rainfall only). ‗Recent‘ TSF is <10 yrs, ‗medium‘
TSF is 20-40 yrs and ‗long‘ TSF is >60 yrs. ‗Low‘ rainfall is 220-240mm/yr,
‗moderate‘ rainfall is 260-280mm/yr and ‗high‘ rainfall is 310-330mm/yr.
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2. 5 Discussion
The cover of species that constitute different fuel types varied strongly across
Mediterranean climate mallee woodlands, in accordance with predictions. A transition
occurred from predominantly grass and herb cover to woody shrub cover as rainfall
increases and sand types change across the study area (Fig. 2.4). This is consistent
with previous research in the region showing an increase in shrub cover and an decline
in herbaceous cover from north to south across the landscape (Pausas and Bradstock
2007). Our results suggest that rainfall and sand types, rather than competition, were
the over-arching determinants of the relative cover of grasses and shrubs (Table 2.2
and 2.3). Eucalypt cover was an exception to this pattern, as there was no significant
linear response to increasing rainfall, or an effect of sand type (Table 2.1).
Unexpectedly, perennial cover did not significantly influence ephemeral cover,
indicating that ephemeral cover was not driven simply by the available space between
perennial plants. Sampling took place during the wettest 24-month period on record
for Australia (703mm in 2010and 708mm in 2011, both well above the long-term
average of 465mm/yr; BOM 2013). As ephemeral cover is responsive to recent
rainfall, our measurement of ephemeral cover is likely to be particularly high. Given
the sensitivity to rainfall of understory fuel elements, the results suggest there is strong
potential for the nature of fire regimes to be altered in the future via climate change
mediated shifts in fuel types and flammability in these mallee woodlands.
2.5.1

The role of competition

Intraspecific competition between T. scariosaplants and among individualshrubs may
affect plant dimensions (Fig. 2.3). Furthermore, we found evidence that eucalypt cover
had possible negative, competitive effects on shrub cover, but not on T. scariosa cover
(Fig. 2.2f). We found no evidence, however, of competitive suppression of T.
scariosaby woody shrubs. Resource use between contrasting life-forms can be
separated in space and/or time (February et al. 2011; Fowler 1986). For example, the
extensive, fine root morphology of grasses generally occurs at shallower depths
compared to the root systems of shrubs(Schenk and Jackson 2002; Throop et al.
2011). The presence of intraspecific competition in both T. scariosaand shrubs, along
with the lack of competition between perennial grasses and shrubs suggests that
resource partitioning may occur between the contrasting life-forms in this region.
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Therefore, dominance of one fuel type over the other across the mallee landscape is
most likely controlled by relative suitability to environmental conditions, and not by
competitive interactions.
2.5.2

Mechanisms underlying rainfall and soil effects

Rainfall had opposite effects on the contrasting understory fuel types. Triodia scariosa
cover declined with increasing rainfall, while shrub cover increased. Grasses with C4
photosynthesis, such asT. scariosa,are more likely to occur in Australia where rainfall
is summer-dominant rather than winter-dominant (Murphy and Bowman 2007). The
change in seasonality of rainfall across the rainfall gradient of the study area may
therefore be a key mechanism driving the change inT. scariosa cover, relative to
shrubs. However, further research would be required to separate the effects of
increases in total rainfall compared to changes in seasonality of rainfall on the relative
cover of T. scariosacompared to shrub species from this region.

Shrub cover was higher on yellow compared to red sand (Fig.2.2e), though soil effects
were examined only at high rainfall sites, possibly reflecting selective effects of
acidic, nutrient-poor soils for plants with small, hard sclerophyllous leaves(Keeley et
al. 2011). Furthermore, in arid and semi-arid systems, nitrogen is often co-limiting
with water and many shrubs species occurring in these regions are from families in
which symbiotic N2-fixation occurs (e.g., Fabaceae and other leguminous
species(Throop et al. 2011). In addition, shrubs generally have lower nitrogen
requirements compared to perennial grasses (Carrera et al. 2000). This may give
shrubs an advantage over grasses on the acidic, less fertile yellow sands.

Eucalypt cover was not influenced by different sand types and did not increase
linearly with rainfall. This is consistent with previous research in this region, reporting
no significant change in eucalypt cover from 240-320mm/year (Pausas and Bradstock
2007). While rainfall is expected to influence net primary production(Specht and
Specht 1999;Sankaran et al. 2005), the scale examined in this studymay be too fine for
any significant changes in eucalypt cover to occur. For example, tree cover in African
savannas increased by only 5 to 10 % in response to a change in average rainfall from
240 to 320mm/year(Sankaran et al. 2005). As eucalypt cover did not significantly
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increase with increasing rainfall, the results indicate that changes in fuel types across
the study area may be primarily a function of variations in relative cover of understory
shrubs and grasses, rather than variations in eucalypt cover.

An unexpected result was the significant interaction of TSF and rainfall on ephemeral
cover. The largest proportion comprised of ephemerals (approximately 50% of the
grassy fuel total) occurred at long TSF (> 60 years) and low rainfall. The factors
controlling this effect are uncertain, however, several explanations are plausible.
Ephemerals may have higher variance in their local population dynamics than other
life forms or may be influenced by factors not captured in this study, such as dune
height and fine scale soil moisture patterns. In these cases, larger sample sizes may be
needed to characterise the patterns in variation. An alternative or additional factor may
be higher grazing pressure in recently burnt patches (< 10 years) at low rainfall sites.
For example, kangaroos and feral goats may be attracted to burnt sites, thereby
reducing the cover of tussock grasses (the largest contributor to ephemeral cover) in
recent TSF compared to the longer TSF sites where grazing may be more diffuse
(Noble 1989). Further research would be needed to understand the processes
controlling the interaction of TSF and rainfall on ephemeral cover across the study
region.
2.5.3

Implications for fire regimes

Ephemerals contributed approximately 50% of the total grassy fuel cover in long TSF
at low rainfall (Fig. 2.4). Given that, the majority of the landscape at low rainfall is
contained within the long TSF class (authors‘ unpublished data) flammability in the
northern part of the study region is likely to be greatly enhanced by flushes of
ephemeral fuels following heavy rainfall. By contrast, shrubs dominated all TSF
classes in the wetter south of the region on yellow sands, suggesting that flammability
is more likely to be a function of the accumulation of leaf litter and the drying out of
woody fuels (e.g. following drought). Further research is required to quantify
predicted changes in fire probabilities with fuel age in association with the
environmental determinants (i.e. rainfall and soil types) of the cover of grass and
shrub fuels.
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Across the Mediterranean region in Australia, there has been an average increase in
temperature of 1.24°C from 1920 to 2000 (Collins 2000), which is equivalent to a
displacement of about 1° latitude, or 110 km towards the north (Pausas and Bradstock
2007). Changes in the relative mix of key fuel components are related to their position
within the rainfall gradientand therefore may be expected to change in the future.
However, the future response of plant communities to changes in environmental
factors is difficult to predict, as different species may exhibit independent responses to
changing environmental variables (Pucko et al. 2011). Further research is required to
determine the relative influence of temperature, moisture, soil type and CO2 on the
relative growth patterns of grass and shrub species in the Mediterranean region of
south eastern Australia to provide insight into potential consequences of global change
for fuels and fire regimes in the future.
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3

DOES FUEL AGE INFLUENCE THE PROBABILITY OF FIRE ACROSS
ENVIRONMENTAL GRADIENTS IN MEDITERRANEAN WOODLANDS
OF SOUTH EASTERN AUSTRALIA?

3. 1 Abstract
Aim:
We aimed to investigate how the probability of burning is influenced bygradients of
climate, and variations in soil and vegetation attributes in the fire-prone
Mediterranean-type climate mallee woodlands of south eastern Australia.
Location:
South eastern Australia.
Methods:
We used a Bayesian framework to test the effect of various models containing all
combinations of the factors of rainfall, vegetation and soil type on the hazard and
mortality parameters of the Weibull distribution, to determine the expected length of
fire intervals and how the hazard of burning changes with fuel age.
Results:
Increased rainfall was consistently associated with shorter fire intervals. However,
within a single level of rainfall, an interaction between soil and vegetation type
influenced the length of fire intervals. Higher fertility sands were associated with
shorter fire intervals in grass-dominated communities, while lower fertility sands were
associated with shorter fire intervals in shrub-dominated communities. The hazard of
burning remained largely independent of fuel age across the region; only in shrubdominated communities at high rainfall did the hazard of burning markedly increase
with fuel age.
Main conclusions:
Fire probabilities varied across the landscape along an environmental gradient from
primarily herbaceous fuels in the north to woody litter and foliage fuels in the south,
with the influence of fuel age on the probability of burning increasing due to more
pronounced accumulation of litter fuels with time since fire.The results suggest soil
fertility and vegetation types may alter the over-riding influence of rainfall on fire
regimes.
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3. 2 Introduction
Fuel dynamics and resultant fire regimes may change in the future due to global
change, but the nature of these changes are uncertain. Increased atmospheric CO2 and
changes to temperature and precipitation as a result of climate change may influence
plant growth and consequent fuel dynamics, but such changes will vary across regions
and among plant species (Lenihan et al. 2008; Pausas and Paula 2012). A fundamental
understanding of how fuel dynamics can influence contemporary fire regimes is
needed to predict how fire regimes may respond to global change and to management
practices such as fuel treatment (Bradstock et al. 2012; Matthews et al. 2012; King et
al. 2013).

The influence of fuel accumulation on fire regimes can be inferred from the nature of
hazard functions (McCarthy et al. 2001). These functions relate the instantaneous
probability of burning to fuel age (i.e. time since fire, TSF) in landscapes. In systems
where fire is dependent on fuel age, the probability of fire in young fuels is likely to
be low and increase over time if fuels accumulate in a regular manner. By contrast, in
systems where fire is independent of fuel age, the probability of fire is unrelated to
TSF. This could arise in systems where irregular events, such as periods of high
rainfall, promote fire through a rapid response of ephemeral vegetation to suitable
conditions (McCarthy et al. 2001; Pausas and Paula 2012). These examples indicate
contrasting types of fuel dynamics, where, respectively, fuel may or may not
accumulate with TSF.Models of the probability of burning with TSF for a given
system can be used to characterise patterns of fire interval distributions and quantify
the role of fuel age in determining fire regimes (McCarthy et al. 2001).

Moisture and soils will influence vegetation community structure and composition,
which in turn may influence the probability of fire. For example increased
productivity, as a function of increasing moisture, is often associated with increased
fire frequency (i.e. the productivity-fire frequency model; Bond and Keeley 2005;
Pausas and Bradstock 2007; Krawchuk and Moritz 2011). While considerable
attention has been devoted to the influence of climatic moisture on fire occurrence
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(Bond and Keeley 2005; Pausas and Paula 2012), less is known about the way that
variations in soil characteristics (e.g. texture and fertility) may influence this
relationship. For example, soil fertility at any given level of rainfall may determine the
balance between woody and herbaceous plants (Lehmann et al. 2011; Mills et al.
2012). Soil type therefore may play a role, in interaction with moisture, in determining
fuel types and resultant fire probability.

Gradients in rainfall, vegetation and soil in southern Australia can be used to examine
the effect of differing fuel systems on the probability of burning (e.g. O'Donnell et al.
2011). In inland arid ecosystems of southern Australia, the fuel system is dominated
by ephemeral herbage and grasses that respond rapidly to infrequent and sporadic
periods of heavy rainfall. As a result, fire frequency is relatively low (Allan and
Southgate 2002; Letnic and Dickman 2006). In temperatesclerophyllous shrublands,
woodlands and forests near the coast in southern Australia, spatially continuous
surface litter fuels accumulate in a regular manner and fire occurs more frequently
than in arid climates (Gill and Catling 2002; Russell-Smith 2007; Bradstock 2010).
Mallee communities in the Mediterranean-type climate region of south eastern
Australia occupy a transitional zone between these contrasting ecosystems and fuel
types.

Previous research in the Mediterranean-type climate region of south eastern Australia
indicated that area burned and fire frequency were positively correlated with rainfall
along a north to south gradient of woodland and shrubland vegetation types situated
on oligotrophic, aeolian-derived sandy soils (Pausas and Bradstock 2007). These
trends in fire possibly correspond with a transition in vegetation composition and
structure from dominance of the understory by grasses to dominance by shrubs as
rainfall increases (Krawchuk and Moritz 2011; Chapter 2). Thus a corresponding shift
in fire regime characteristics could be anticipated in response to this change in the
fundamental nature of surface fuel along the rainfall gradient. However, possible
effects of rainfall are partially confounded by a reduction in the fertility of the sandy
substrates on which these woodlands and shrublands are situated (Blackburn and
Wright 1989). Such a trend in soil fertility has the potential to reduce productivity
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(Paoli et al. 2008), favour woody, sclerophyllous species (Mills et al. 2012) and alter
resultant effects of rainfall on fire regimes.

In this study we investigated how fire probability and inter-fire intervals responded to
gradients of climate and variations in soil and vegetation attributes in the
Mediterranean-type climate woodlands (―mallee‖ vegetation, Noble and Bradstock
1989) of south eastern Australia. We used fire history data for the region to test the
prediction that probability of burning would become more dependent on fuel-age as
rainfall increases from north to south. We also examined how the relative abundance
of grass and woody shrub components and sand types of differing fertility may alter
the over-riding influence of rainfall on fire regimes. Specifically we predicted that fire
probability would be more dependent on fuel age in mallee communities with a
prominent shrub layer and on lower fertility sands (i.e. dominance of woody litter
fuels) than communities with a grassy understory and those situated on higher fertility
sands.

3. 3 Methods
3.3.1

Study Area

The study was carried out in two Mediterranean-type climate regions in south eastern
Australia(Figure 3.1); i) the Murray Lowlands from south-west New South Wales
(NSW), to central-west Victoria; ii) the Eyre Peninsula, including Kangaroo Island in
South Australia.These regions span wide rainfall gradients (≈200-600mm/yr) and a
variety of vegetation types (ANVA 2001) including semi-arid mallee woodlands and
temperate mallee heathlands. Semi-arid mallee woodland is extensive in the north of
each region (200-350mm/year). This vegetation type is dominated by shrub-like,
multi-stemmed Eucalyptus species (i.e. mallee growth habit; Burbidge 1950), with an
understory containing perennial hummock grasses (Triodia sp.), along with
sclerophyllous shrubs (e.g. species of Acacia, Beyeria, Chenopodium, Dodonea,
Eremophila, Halgania, Leptospermum and Westringia; Westbrooke et al. 1998).
Ephemeral grasses and herbs become abundant following periods of heavy rainfall
(e.g. Austrostipasp., Zygophyllumsp.). Temperate mallee heathlands, dominated by
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multi-stemmed Eucalyptus spp. is extensive across the south of the study area (350600mm/yr) with a relatively dense understory dominated by sclerophyllous shrubs
(e.g.

species

of

Acacia,

Baeckea,

Eremophila,

Grevillea,

Leucopogon,

Templetoniaand Melaleuca). Hummock and ephemeral grasses are sparse or absent in
this community(Bradle 2010).

Figure 3.1 Location of the study area; the Mediterranean climate region of south
eastern Australia.
Semi-arid mallee woodlands and temperate mallee heathlands occur on undulating
dune fields of aeolian sands that are either red or yellow in colour(NRIC 1991). The
red sands are alkaline and more fertile than the acidic yellow sands (Blackburn and
Wright 1989). This reflects differences in the origin and current distributions; red
sands derived from alluvial and subsequent Aeolian origins are prevalent in the north
of both study regions, whereas yellow sands formed by marine processes are common
in the south (Wasson 1989). Semi-arid mallee woodlands occur mainly on red sands in
the drier north (Table 3.1), while temperate mallee heathlands mainly occurs on
yellow sands across the wetter south (Table 3.1). However, there are more limited
instances where semi-arid mallee woodlands occur on yellow sands and where
temperate mallee heathlands occurs on red sands (Table 3.1).
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Table 3.1 Summary of the relative proportion of the landscape that each
vegetation/soil complex occupies, within the dry (<300mm/yr) and wet (>300mm/yr)
regions of the study area. Bold values indicate the cases where >50% of the landscape
is occupied.
Relative proportion of the landscape (%)
Vegetation/soil complex

3.3.2

< 300mm/yr

> 300mm/yr

Red sand/Semi-arid mallee woodlands

68

3

Yellow sand/Semi-arid mallee woodlands

12

20

Red sand/Temperate mallee heathlands

5

14

Yellow sand/Temperate mallee heathlands

15
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Data compilation

Approximately 6300 points were randomly generated and used as sampling points
across the study area within semi-arid mallee woodland and temperate mallee
heathland communities using a Geographic Information System (GIS; ArcGIS 9.2,
ESRI 2006). At each point, the length of inter-fire intervals, average annual rainfall,
vegetation and soil type were estimated. Data sampling was constrained within large
tracts of native vegetation situated within national parks and conservation reserves
(Figure 3.1).

Fire interval data were determined by overlaying spatial fire history maps, (reliably
recorded since 1970), obtained from state government agencies; New South Wales
Office of Environment and Heritage, (NSW OEH), Victorian Department of
Sustainability and Environment (Vic DSE), and South Australian Department of
Environment, Water and Natural Resources (SA DEWNR). The spatial resolution of
fire history data varies, due to different methods of data capture (e.g. satellite imagery,
GPS and mudmaps). For the Murray Lowland region, fire history data derived from
satellite imagery interpreted by the Mallee Fire Group at LaTrobe University was
used, with a minimum spatial resolution of 50m. The years of wildfire occurrence that
intersected each random sampling point were ordered chronologically, and the length
of the intervals between fires were calculated. Prescribed burns were excluded from
the analysis as these fires represented a negligible component of total burn area and
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tend to have greater patchiness and uneven coverage within the mapped fire scar,
compared to wildfires. At a small portion of points, the inter-fire intervals could
therefore be overestimated.

Intervals bounded by a fire of unknown date (i.e. either because the period of
observation began after the previous fire occurred or terminated before the next fire
occurred) are considered ‗censored‘ intervals or incomplete data (Polakow and Dunne
1999; Moritz et al. 2009). Estimates of fire return interval vary widely depending on
whether censored data are included or not (Kraaij et al. 2013). The decision to include
censored data was made due to the uneven bias in the estimates of length of fire
intervals across the study area when censored data was excluded from the analysis (i.e.
fire interval estimates were far shorter than expected at low rainfall, as more than 80%
of the landscape was not burnt within the mapped fire history record, authors‘
unpublished data). Therefore, rather than discarding censored observations, the
minimum possible fire-interval was estimated (i.e. the time between the year of fire
and the beginning or end of the records), with a descriptor value identifying whether
or not the observation was censored (‗0‘ for complete data, ‗NA‘ for censored data).

Rainfall, vegetation and soil data at each point were estimated using the enumeration
function of Hawth‘s Tools, version 3.27 (ArcGIS 9.2, ESRI 2006). Average annual
rainfall across the study area was determined using the spatial map of ANUCLIM
version 6.0(Hutchinson 2004), which estimatesa mean annual precipitation surface for
Australia based on weather station records from 1975 to 2005. Vegetation mapping
was obtained from the relevant state government agencies (unpublished data fromthe
NSW OEH, Vic DSE, and SA DEWNR). Vegetation types that were included in the
analysis were either dune-field malleeor mallee-heath. Soil mapping was obtained
from the digital Atlas of Australian Soils (Bureau of Rural Sciences(1991). Soil types
that were included were categorised as either red (including brown) or yellow
(including pale coloured) siliceous sands. These datasets had a minimum spatial
resolution of 250 metres.
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Spatial autocorrelation was tested for using the Moran‘s I spatial autocorrelation
(ArcGIS 9.2, ESRI 2006) to ensure the assumption of independence of sampling
points could be maintained (Legendre 1993).

Moran‘s I values range from −1

(dispersion) to +1 (clustering), with values close to zero indicating a random spatial
pattern (Diniz et al. 2003). Moran‘s I values were calculated for inter-fire interval
data for the sampling points within each park across the study area (15 parks in total).
To maximise the sample size while minimising the effects of spatial autocorrelation,
points were selected to be a minimum of 1km apart to maintain Moran‘s I values of <
0.2.
3.3.3

Statistical Analysis

The generalised Weibull distribution has been extensively used in fire-interval
analyses (Johnson and Gutsell 1994; Moritz 2003; O'Donnell et al. 2011). The
cumulative mortality function of the Weibull distribution, F(t), represents the
probability that a fire will have occurred at or before time ‗t‘ and takes the form:
F(t)=Pr(T ≥t) = 1-e -(t/b)^c
where T denotes the time or interval at which a fire occurs, t is timesince the last fire
in years, b is the Weibull scale parameter and c is the Weibull shape parameter.
The hazardfunction, λ(t),of the Weibull distribution represents the probability of
burning with respect to fuel age and takes the form:
λ(t) = ctc-1/bc
where t is time since the last fire in years, b is the scale parameter and c is the shape
parameter. In both instances, the b parameter is related to the expected length of fire
intervalsand the c parameter captures how thehazard of burning changes with time
since fire (fuel age). When c = 1, the hazard of burning does not change with time
since fire, when 1 < c< 2, the hazard of burninggrows at a diminishing rate, and when
c = 2, the hazard of burning increases linearly with time (Johnson and Gutsell 1994;
Moritz et al. 2004; O'Donnell et al. 2011).

We used a Bayesian frameworkwith uninformative priors to test the effect of various
models containing all combinations of the factors of rainfall, vegetation and soil type
on the hazard and mortality parameters of the Weibull distribution (see Table 3.2).
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Bayesian models with uninformative priors are numerically similar tomaximum
likelihood models used for analyses of fire-interval information containing incomplete
(censored) data, but better deal with uncertainties, particularly in the generation of
confidence intervals around modelled estimates(Polakow and Dunne 1999; Moritz
2003; Clark 2005; O'Donnell et al. 2011). We used Markov chain Monte Carlo
(MCMC) methods to calculate the model parameters (Spiegelhalter et al. 2002). To
ensure the MCMC was sampled from the posterior distribution, it was necessary to
discard the initial samples in the Markov chain.We initially considered 110,000
samples and discarded the first 10,000.The Bayesian models were batch run in the
OpenBUGS program, version 2.2.0(Thomas et al. 2006). We used the Deviance
Information Criterion (DIC) (Spiegelhalter et al. 2002)to assess the effects of differing
explanatory variables on the fire parameters (response variables). Models containing
sets of explanatory variables with changes in DICof greater than 10 points of the best
model were considered to have essentially no support(McCarthy 2007). Within a
model, we regarded parameter estimates as significant at the p = 0.05 level when the
95% credible intervals (CIs) did not overlap zero.Similarly, significant differences
between parameter estimates were regarded when the 95% CIs did not overlap
(McCarthy 2007).

Table 3.2 Summary of the DIC and dDIC (i.e. the change in DIC values relative to the
best model or smallest DIC value) values for each of the models examined in the
analysis. The models are ordered by the dDIC value.
Models

DIC value

dDIC value

FI ~ rainfall + vegetation + soil

15250

0

FI ~ rainfall + vegetation

15340

90

FI ~ vegetation + soil

15350

100

FI ~ vegetation

15400

150

FI ~ rain

15520

270

FI ~ soil

15560

310

FI ~ rain + soil

15650

400

3. 4 Results
The preferred model with the most support contained all three explanatory factors;
rainfall, vegetation and sand type. All remaining models had DIC values > 90 points
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higher than the best model (Table 3.2) and thus were not considered further. All three
predictor variables were included within the best model, as none of the 95% CIs of
their coefficients overlapped zero (Table 3.3).

The b-parameter estimate (the length of fire intervals in years) varied under each
combination of soil, vegetation and rainfall (Table 3.3, Figure 3.2). Increased rainfall
was associated with shorter fire intervals in all soil and vegetation combinations. Interfire intervals were significantly shorter with increased rainfall in each of the two
dominant soil and vegetation combinations; red sand/semi-arid mallee woodlands and
yellow sand/temperate mallee heathlands (p < 0.05, Table 3.3, Figure 3.2).

Vegetation and soil type influenced the length of fire intervals in a complex manner.
Within a single level of rainfall and soil type, vegetation type had contrasting effects
on the length of fire intervals. Temperate mallee heathlands had significantly shorter
fire intervals than semi-arid mallee woodlands when on yellow sand (at 400 and
500mm/yr, p < 0.05, Table 3.3,Figure 3.2), whereas on red sand, temperate mallee
heathlands had significantly longer fire intervals than semi-arid mallee woodlands (at
300 and 400mm/yr, p < 0.05, Table 3.3,Figure 3.2). Within a single level of rainfall
and vegetation type, soil type had contrasting effects on fire-intervals. Temperate
mallee heathlands on red sands had significantly longer fire intervals than on yellow
sands at 400 and 500mm/yr (i.e. at 400 and 500mm/yr, p < 0.05, Table 3.3,Figure 3.2).
The same trend was apparent at 300mm/yr, though this was not significant. By
contrast, semi-arid mallee woodlands on red sands had significantly shorter fire
intervals than on yellow sands at 400mm/yr (p < 0.05, Table 3.3,Figure 3.2). The same
trend was apparent at 300mm/yr, though this was not significant.

The complex interactions of rainfall, vegetation and soil type on the length of fire
intervals (b-parameter estimate) were reflected in the fire-interval probability models.
Increased rainfall consistently increased the probability of fire occurring at or before a
given time (Figure 3.4). Increased rainfall also increased the hazard of burning,
irrespective of fuel age (Figure 3.5). The interaction of vegetation and soil typeat any
given level of rainfall influenced the probability of fire, whereby a reduction in soil
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fertility (i.e. yellow compared to red sands), corresponded with an increase in the
probability of fire in temperate mallee heathlands, and a decrease in the probability of
fire in semi-arid mallee woodlands (Figure 3.4). While this pattern occurred across
rainfall levels, the effect was more pronounced at high rainfall (i.e. 400-600mm/yr).

The c-parameter estimate (fuel-age dependency of fire-intervals) was not directly
influenced by rainfall, but varied between the combinations of soil and vegetation
(Table 3.3, Figure 3.3). Fire intervals were independent of fuel agein semi-arid mallee
woodlands on red sand (c = 1) and tended to be relatively more dependent on fuel age
in each of the other soil and vegetation combinations (c > 1). Fire intervals were
significantly more dependent on fuel age in yellow sand/temperate mallee heathlands
compared to red sand/semi-arid mallee woodlands (p < 0.05, Table 3.3, Figure 3.3).

The hazard of burning remained largely independent of fuel age in the majority of
rainfall, vegetation and soil combinations (Figure 3.5). There tended to be slight
increases in the hazard of burning with fuel age in each combination of vegetation and
soil type at > 300mm/year rainfall, except for semi-arid mallee woodlands on red
sand. However, only in temperate mallee heathlands on yellow sands at 500mm/year
did the hazard of burning markedly increase with fuel age, with an increase from 2%
to 4% on the hazard of burning from 1 to 200 years since fire.
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Table 3.3Summary table of the model parameter test results for each combination of soil, vegetation and rainfall, including the mean, standard deviation (Std.
Dev.), the median, upper (97.5 percentile) and lower (2.5 percentile) 95% credible intervals. The parameter estimate is considered significant at the p = 0.05
level when the 95% credible intervals (CIs) do not overlap 0. Significant differences at the p = 0.05 level between combinations of soil, vegetation and/or
rainfall occur when 95% CIs do not overlap each other (e.g. the lower CI of x > upper CI of y).
Model Parameters

Mean

Std. Dev.

Lower CI (2.5pc)

Median

Upper CI (97.5pc)

b-param. (200mm rain)

509.000

119.100

318.600

494.700

783.000

b-param. (300mm rain)

191.200

36.590

130.500

187.400

272.300

b-param. (400mm rain)

73.370

18.590

44.020

71.010

116.400

c-param.

1.020

0.047

0.930

1.020

1.113

b-param. (300mm rain)

632.000

225.600

312.500

591.800

1182.000

Temperate

b-param. (400mm rain)

422.100

138.600

221.500

398.600

756.600

mallee

b-param. (500mm rain)

282.700

87.350

154.900

268.300

492.400

heathlands

b-param. (600mm rain)

190.000

56.990

105.900

180.500

326.900

1.164

0.073

1.027

1.164

1.312

b-param. (300mm rain)

468.400

145.200

252.000

444.400

813.000

b-param. (400mm rain)

225.400

55.650

137.600

217.400

353.600

b-param. (500mm rain)

109.900

25.780

68.560

106.900

169.300

1.138

0.065

1.014

1.137

1.267

b-param. (300mm rain)

324.200

46.370

243.900

321.100

425.200

b-param. (400mm rain)

117.600

12.380

95.530

117.000

143.800

b-param. (500mm rain)

42.950

5.388

33.480

42.540

54.380

c-param.

1.193

0.028

1.139

1.192

1.247

Semi-arid
mallee
woodlands
Red Sand

c-param.
Semi-arid
mallee
woodlands
Yellow Sand
Temperate
mallee
heathlands

c-param.
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Figure 3.2 Mean estimate of Weibull parameter b(the length of the fire interval
inyears)for each combination of sand and vegetationtype (semi-arid mallee
woodlands, S.A.M.W. and temperate mallee heathlands, T.M.H.) for the rainfall
categories in which they occur. Error bars represent 95% credible intervals. Different
superscript letters indicate significant differences inparameter estimates among classes
at the p = 0.05 level.
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Figure 3.3 Mean estimate of Weibull parameter c(thedependence of fire intervals on
fuel age)for each combination of sand and vegetationtype (semi-arid mallee
woodlands, S.A.M.W. and temperate mallee heathlands, T.M.H.). Error bars represent
95% credible intervals. Different superscript letters indicate significant differences
inparameter estimates among classes at the p = 0.05 level.
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Figure 3.4Weibullcumulative mortality functions for each combination of sand and
vegetation type (semi-arid mallee woodlands, S.A.M.W. and temperate mallee
heathlands, T.M.H.) for the rainfall categories in which they occur, based on the
Weibull parameter estimates (Table 3.3). The mortality function describes the
probability that a fire will occur before or attime t.

69

Figure 3.5Weibull hazard functions for each combination of sand and vegetation
type (semi-arid mallee woodlands, S.A.M.W. and temperate mallee heathlands,
T.M.H.) for the rainfall categories in which they occur, based on the Weibull
parameter estimates (Table 3.3). The hazard function reflects the influence of fuel
age onthe probability of burning.

3. 5 Discussion
3.5.1

Productivity and fire regimes

Rainfall had an overarching influence on fire frequency in the Mediterranean climate
mallee woodlands of south eastern Australia. The length of the mean inter-fire interval
decreased with increasing rainfall, as predicted on the basis of general relationships
between productivity and fire (Bond and Keeley 2005; Pausas and Bradstock 2007). In
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addition, the increasing rainfall resulted in a change in the probability of fire with fuel
age. Fire was independent of fuel age in red sand/semi-arid mallee woodlands, which
dominates the drier north of the region, and switched to a positive association with
fuel age in the yellow sand/temperate mallee heathlands, which dominates the wetter
south. Such a response was consistent, as predicted, with an overall shift from
herbaceous fuels in the north to woody litter and foliage fuels in the south (Pausas and
Bradstock 2007; Chapter 2), and the increasing influence of fuel age on the probability
of burning due to patterns of litter fuel accumulation with time since fire.

Soil fertility also had a strong influence on the probability of fire, but the nature of this
influence differed between vegetation types. Increases in soil fertility increased fire
frequency in semi-arid mallee woodlands but reduced fire frequency in temperate
mallee heathlands. Within the temperate mallee heathland community, a reduction in
soil fertility also corresponded with fire intervals with a greater dependence on fuel
age at high rainfall (>400mm/yr). Therefore, the effects of soil fertility and rainfall on
fire regimes do not align on a simple productivity gradient. One possible explanation
for the complexity of the observed relationship is that the effect of soil fertility on the
selection of plant traits and the corresponding influence on fire may override effects
that ensue from the influence of rainfall on fire (e.g. lower soil fertility favours woody
shrubs with small sclerophyllous leaves, increasing fire propensity; Ojeda et al. 2010;
Keeley et al. 2011; Chapter 2).

3. 6 Age dependency of burning and fuel systems
Previous research within the semi-arid mallee woodlands on red sand from 200350mm/yr provided evidence that shrub cover increased while grass cover declined
from north to south with increasing rainfall (Chapter 2). This change in the relative
mix of grass and woody shrub cover with rainfall corresponds with a decrease in the
length of fire-intervals (i.e. increased fire frequency, Fig. 3.2). There was no change in
fuel age dependency of fire intervals across this same range (i.e. within semi-arid
mallee woodlands on red sand from 200-350mm/yr; Fig. 3.5), though an increase may
have been expected given the increase in woody litter fuels. This suggests that the
change in relative grass and shrub cover driven by effects of rainfall within semi-arid
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mallee woodlands may have been insufficient to reach a threshold level of woody
shrub cover, beyond which fire intervals become fuel-age dependent.

The strength of fuel-age dependency of fire in temperate mallee heathlands on yellow
sandwas similar to that reported in other Mediterranean-type shrubland ecosystems,
and is considered to be weak to moderate (i.e. c < 2.5; Moritz 2004; O'Donnell et al.
2011). In these systems, fuel rapidly accumulates in the immediate post-fire period
(e.g. < 10 - 20 years), and the importance of further increases in fuel age on the
probability of fire continues to diminish. Although there is an increase in the hazard of
burning with fuel age in yellow sand/temperate mallee heathlands at high rainfall (Fig.
3.5), the magnitude of this effect is small (i.e. a maximum increase of <4% on the
hazard of burning). As such, most fires in temperate mallee heathlands are likely to be
more strongly influenced by the occurrence of extreme fire weather and dry conditions
in the antecedent year (i.e. low fuel moisture content) than on the age and spatial
patterns of fuels, as in other Mediterranean-typeshrubland ecosystems (Moritz et al.
2004; Van Wilgen et al. 2010).

While understanding the effects of TSF on the probability of burning is required to
implement appropriate fire management, knowledge of the processes controlling fire
intensity and severity is also required. Fire intensity is a function of the rate of spread
and the amount of available fuel (Byram 1959). Therefore, other factors unrelated to
fuel accumulation and TSF have the potential to influence fire severity, such as
weather and terrain (Bradstock et al. 2010). The effect of high fire severity
andintensity varies between ecosystems.For example, high-intensity fires may deplete
vertebrate populationsthrough mortality, in the short term(Bradstock 2008) andreduce
the water repellency ofsurface soils

and increase erosion and sediment

movement(Shakesby et al. 2007; Tomkins et al. 2008). Furthermore, increasing fire
intensity may reduce germination rate of seeds from serotinous species, and increase
the germination rate of seeds not enclosed in cones (Nunez et al. 2003; Moya et al.
2013). Consideration of both fire hazard (i.e. probability of fire) and intensity is
needed to inform the relative importance of landmanagement (i.e. manipulation of
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fuels) compared to factors that cannot be managed (e.g. weather and terrain) on fire
regimes.

3. 7 Future implications
Prescribed burning for hazard reduction is unlikely to be effective at reducing the
probability of fire, given that the probability of fire is unrelated to fuel age in semiarid mallee woodlands and only weakly related to fuel age in temperate mallee
heathlands on yellow sands. Historically most of the area burned insemi-arid mallee
woodlands of the Mediterranean region of southern Australia is due to a small number
of fires that burn large areas (authors‘ unpublished data), which is consistent with
reports in other crown-fire ecosystems around the world (Moritz 1997; Johnson et al.
2001). In addition, the majority of fires in semi-arid mallee woodlands have occurred
shortly followingextreme La Niña years(authors' unpublished data; Bradstock and
Cohn 2002; O'Donnell et al. 2011), which is likely to be due to the rapid response of
ephemeral herbaceous fuels creating an increase in biomass available for burning.
Therefore, strategic prescribed burning, particularly during periods following heavy
rainfall, may provide critical fuel breaks to protect long un-burnt vegetation in this
community (Willson 1999). Previous research in semi-arid mallee woodlands of this
region highlights the importance of the long-term development (i.e. >100 years) of
some critical habitat resources, such as the mature canopy layer and tree hollows
(Haslem et al. 2011; Kelly et al. 2012). Therefore, fire management that protects long
un-burnt mallee vegetation would also be advantageous for fauna habitat conservation.

Given the strong influence of rainfall on fire intervals in the Mediterranean region of
south eastern Australia, changes in climate-related factors that are predicted to occur
in the future have the potential to drive changes in fire regimes. For example,a 20%
reduction in mean annual rainfall, which is in the range projected to occur in this
region by 2070 (Suppiah et al. 2007), would correspond with an increase in mean fire
intervals by approximately 15 years in yellow sand/temperate mallee heathland and 64
years in red sand/semi-arid mallee woodland.
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However, changes in temperature and moisture, as well as further increases in
atmospheric CO2, may affect different species in different ways.

Warmer, drier

conditionsmay provide a relative advantage to plants that use the C4 photosynthetic
pathway (Triodia sp.) compared to plants that use the C3 pathway, such as woody
shrubs and Austrostipaspp., the major contributors to ephemeral fuels (Sage et al.
1999). As such, shifts in the patterns of fire intervals as a result of changes in
temperature and moisture may not be linear across the grass and shrub dominated
communities. Furthermore, elevated CO2 may be more beneficial to C3plants
compared to C4 plants (Wang et al. 2011; Bond and Midgley 2012), which may
ameliorate any potential relative advantage of C4plants under warmer, drier
conditions. Given the divergent effects of soil fertility on fire intervals in semi-arid
mallee woodlands (dominated by T. scariosaplus ephemeral grasses following heavy
rainfall) compared to temperate mallee heathlands (shrub dominated), elevated CO2
has the potential to interact with soil fertility to influence the growth of grass and
shrub species in different ways. Further research is required to quantify the effects and
interactions between moisture, temperature and CO2 and soil fertility on the relative
growth and abundance of the C4 grasses and C3shrubs and grasses in this region.This
would provide important insight into potential consequences of climate change on fuel
dynamics and corresponding changes in fire regimes across the Mediterranean mallee
woodlands of south eastern Australia in the future.
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4

COMPETITION BETWEEN GRASSES AND SHRUBS:

CONSEQUENCES FOR FUEL DYNAMICS IN THE MEDITERRANEAN
REGION OF SOUTH EASTERN AUSTRALIA
4. 1 Abstract
Environmental conditionsmay influence the presence and strength of competitive
interactions between different life-forms, thereby shaping community composition and
structure, and corresponding fuel dynamics. Woodland and shrubland communities of
the Mediterranean climate region of south eastern Australia contain a varied mixture
of herbaceous and woody plants. The ratio of herbaceous to woody plants changes
along gradients of moisture and soil fertility. This study aimed to experimentally
examinethe relative importance of, and interactions between, competition and
environmental controls (moisture and soil fertility) on the balance of herbaceous
(Triodia scariosa) and woody shrubs(Acacia ligulataand Leptospermum coriaceum)
and their ultimate effects on fuel and fire regimes. The results suggest that
environmental determinants of the growth of T. scariosa are likely to be more
important than competition with shrubs in controlling the distribution of T. scariosa.
The growth of T. scariosawas consistently higher under hot temperatures, and on the
less fertile yellow sands, which dominate the south of the region. There is strong
potential for the distribution and abundance of T. scariosato be altered in the future
with changes in temperature associated with climate change. The distribution of soil
types across the Mediterranean climate region of south eastern Australia may be
predisposed to

favour

the southerly expansion

of

T. scariosa-dominated

communitiesin the future under a warmer climate.
4. 2 Introduction
Productivity influences fire activity via effects on the amount, structure and
connectivity of fuels and their availability to burn (i.e. the productivity-fire frequency
model; Bond and Keeley 2005; Bradstock 2010; Krawchuk and Moritz 2011;
O'Connor et al. 2011; Pausas and Paula 2012). The response of fuel to moisture will
also be affected by the composition of vegetation communities (Pausas and Paula
2012). Herbaceous (i.e. grasses, forbs) and woody plants (i.e. trees, shrubs) represent
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fuel types with contrasting properties associated with patterns of growth, fuel
accumulation, drying and flammability (Walker 1981; O'Connor et al. 2011; Sullivan
et al. 2012; Murphy et al. 2013). The patterns of growth and flammability in response
to moisture will differ fundamentally between these different life-forms(Walker 1981;
O'Connor et al. 2011). Soil fertility may also influence the balance between
herbaceous and woody plants (Chapter 2; Carrera et al. 2000; Lehmann et al. 2011;
Mills et al. 2012) and corresponding effects on fire regimes (Chapter 3).

Relative differences in suitability of environmental conditionsfor different life-forms
may influence the presence and strength of competitive interactions, and hence fuels,
by shaping community composition and structure (Briones et al. 1998; Maestre et al.
2003; Eggemeyer et al. 2009; Throop et al. 2011). Disentangling the relative
influences of moisture, soil fertility and competition on the cover of herbaceous and
woody plants will provide insight into potential effects of climate change on
community composition and structure, which in turn may alter fire regimes in the
future.

Woodland and shrubland communities of the Mediterranean climate region of south
eastern Australia contain a varied mixture of herbaceous and woody plants. The ratio
of herbaceous to woody plants changes along gradients of moisture and soil fertility
within the region. Mean annual rainfall is highest in the south and lowest in the north,
while soils of relatively low fertility are common in southern parts of the region. As a
result of these influences, grass cover is lower and shrub cover is higher toward the
south of the region (Chapter 2; Pausas and Bradstock 2007). This system provides an
opportunity to examine the relative importance of, and interactions between,
competition and environmental controls on the balance of herbaceous and woody
plants and their ultimate effects on fuel and fire regimes.

While previous research in the Mediterranean climate region of south eastern
Australia

found

evidence

of

intraspecific

competition

(between

T.

scariosaindividualsand between shrub individuals), there was no evidence of
competitive interactions between grasses and shrubs (Chapter 2). However, patterns of
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total rainfall, temperature, seasonality of rainfall and soils are partly confounded
across the region, making it difficult to disentangle their effects in observational field
studies. Thus, manipulative experiments are required to separate the potential
influence of each of these factors on the presence and strength of competitive
interactions between hummock grasses and shrubs, two important fuel components of
the woodland and shrubland ecosystems.

In this study, we experimentally examined the influence of temperature, moisture and
soil type on the relative ability of Triodiascariosa and two commonly co-occurring
woody shrub species; Acacia ligulataand Leptospermum coriaceumto suppress the
growth of a target T. scariosa(Gaudet and Keddy 1988). Shrubs were anticipated to
exert overriding competitive forces on T. scariosa due to their dominance in above
and below ground structure of biomass (Eggemeyer et al. 2009; Throop et al. 2011).
This was expected to correspond with a superior ability of shrubs at capturing
resources, thereby suppressing the growth of T. scariosa.

Given the contrasting photosynthetic pathways utilised by T. scariosa(C4) and the
woody shrubs (C3), temperature was predicted to influence relative competitive
abilities in contrasting ways. The C4 photosynthetic pathway allows for greater water
use efficiency and higher growth rates at warmer temperatures (Sage et al. 1999;
Osbourne and Freckleton 2009). As such, water availability during the warmer months
when C4 plants are actively growing,is expected tosupport higher growth rates ofT.
scariosa. By contrast, the active growing season of C3 woody shrubs is during the
cooler months and winter rainfall regimes are expected to present more favourable
conditions for C3 plants(Sage et al. 1999; Hughes 2003; Murphy and Bowman 2007).
Therefore, cooler temperatures were predicted to favour the competitive suppression
of T. scariosaby shrubs.

Characteristics of different soil types, such as fertility and water holding capacity, may
provide a relative advantage to one life form over the other (Knoop and Walker 1985;
Ogle and Reynolds 2004; Wills and Clarke 2008). For example, fast water percolation
in coarse-textured soils favourswoody plants over grasses due to their relatively
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deeper root systems (Walter 1971; Martin and Cable 1974). In addition, shrubs
generally have lower nitrogen requirements compared to perennial grasses (Carrera et
al. 2000), which may provide an advantage to shrubs over grasses on less fertile soils.
Therefore, the relatively less fertile and coarse-textured yellow sands were also
predicted to favour the competitive suppression of T. scariosaby shrubs.
4. 3 Methods
4.3.1

Experimental design

Experimental treatments were selected to simulate the moisture, temperature and soils
conditions that occur in the field across the Mediterranean climate landscape of south
eastern Australia. The reference region that was used to develop the experimental
design encompasses much of the Murray Lowlands from south-west New South
Wales (NSW), to central-west Victoria (Figure 4.1), which is dominated by semi-arid
mallee woodlands(‗mallee‘). The region spans a rainfall gradient from approximately
200mm/yr in the north to 400mm/yr in the south. This increase in total rainfall
corresponds with a decline in mean temperature and a change in rainfall seasonality
whereby rainfall becomes increasingly winter-dominated.

Mallee occurs on undulating dune fields of aeolian sands that are either red or yellow
in colour(NRIC 1991). Red sands,derived from alluvial and subsequent Aolian origins
are prevalent in the north, whereas yellow sands, formed by marine processes, are
common across the south. Yellow sands are relatively less fertile than the red sands
due to a relatively more acidic pH, and lower clay content, which reduces nutrient
availability for plant growth (Blackburn and Wright 1989; Wasson 1989). In addition,
the yellow sands are relatively more coarse in texture compared to the red sands and
may therefore have different infiltration rates and water holding capacity. Coarse
textured soils generally have relatively lower soil water content (Gurevitchet al. 2002) and
retain water at greater depths compared to fine textured soils (Salaet al. 1997). Eucalypts

with the multi-stemmed mallee growth habit are the dominant life form in this
community, while the understory containsthe C4 perennial hummock grass, Triodia
scariosa,and a diversity of woody shrub species. The relative cover of grasses and
shrubs changes across the region; grass cover declines and shrub cover increases in a
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southward direction. Three species were selected for use in this study, T. scariosa, and
two common woody shrub species; Leptospermum coriaceum and Acacia ligulata.
These shrub species were selected because they commonly co-occur with T. scariosa
throughout the mallee region (Matt White, pers. comm. 2010; AVH 2010).

Figure 4.1 Location of the reference region in south eastern Australia that was used to
develop the experimental design, demonstrating the confounded nature of rainfall,
temperature and soils across the region.
Two temperature treatments were simulated in four, large, controlled environment
chambers at the Australian National University Controlled Environment Facility.
These treatments were selected to represent the average annual maximum and
minimum temperatures that occur in the hot north and cool south of the reference
region. Two chambers were allocated to each temperature treatment, with a fixed
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diurnal cycle of 12 hours each of light and dark. Two watering treatment levels were
used to represent the average annual precipitation that occur in the dry north and wet
south. All combinations of temperature and water levels and sand types were
examined in the experiment (Table 4.1).
Table 4.1 Summary of the treatment combinations of temperature, water and sand
type that were used in the experiment. Day and night temperatures represent the
average annual maximum and minimum temperatures that occur in the ‗hot‘ north and
‗cold‘ south of the reference region. The maximum (day) and minimum (night)
temperatures were applied with the chamber lights on and off, respectively. Low and
high water levels represent the average weekly rainfall (mm) that occurs in the north
and south of the reference region.
Treatment Level
Temperature (°C )

4.3.2

Type

Day

Night

High
High
High
High
Low
Low
Low
Low

25
25
25
25
20
20
20
20

15
15
15
15
10
10
10
10

Water
Type
mm/wk
Low
Low
High
High
Low
Low
High
High

4.5
4.5
13
13
4.5
4.5
13
13

Sand
Type
Red
Yellow
Red
Yellow
Red
Yellow
Red
Yellow

Preparation and data collection

Seeds of each species were purchased from a commercial native seed supplier (Tony
Langdon, Mildura Native Nursery) and sown in trays of each sand type (i.e. red
‗fertile‘ and yellow ‗infertile‘ sands) in greenhouses with water provided daily.
Although seedlings of each species varied in their time to emergence, once all
seedlings were between 3 and 6 months old, a single seedling of T. scariosa(the
―target‖) was transplanted into each pot (150mm diameter by 400mm deep pvc-pipe
with mesh bottom) containing the same sand type from which the seed had been
raised. Next to each target T. scariosaseedling, a neighbour seedling of either T.
scariosa, L. coriaceumor A. ligulatawas planted. A number of plant deaths occurred in
the first week of the experiment, probably due to the stress of transplantation. The
number of replicates was therefore reduced and was variable among treatments (Table
4.2).
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Table 4.2 Summary of the means and standard errors (s.e.) of the height, diameter, volume and leaf count of Triodia scariosaseedlings in each
of the treatment combinations at the start of the experiment. n represents the number of replicates under each treatment combination.
Sand
Red

Red

Red

Red

Yellow

Yellow

Yellow

Yellow

Treatment combinations
Water Temp.
Neighbour species
High
Low
T. scariosa
A. ligulata
L. coriaceum
Shrub Group
High
High
T. scariosa
A. ligulata
L. coriaceum
Shrub Group
Low
Low
T. scariosa
A. ligulata
L. coriaceum
Shrub Group
Low
High
T. scariosa
A. ligulata
L. coriaceum
Shrub Group
High
Low
T. scariosa
A. ligulata
L. coriaceum
Shrub Group
High
High
T. scariosa
A. ligulata
L. coriaceum
Shrub Group
Low
Low
T. scariosa

Low

High

A. ligulata
L. coriaceum
Shrub Group
T. scariosa
A. ligulata
L. coriaceum
Shrub Group

n
3
2
1
3
0
2
2
4
2
2
1
3
2
0
1
1
2
3
3
6
2
2
1
3
2
2
3
5
3
3
2
4

Start height (mm)
mean
s.e.
26.6
25.6
25
14.1
20
0
23.3
10.4
28
16.9
35
21.2
31.5
16.2
17
4.2
37.5
10.6
13
0
29.3
16
31.5
9.2
43
0
43
0
30.6
29.5
26.3
14
25
8.6
25.6
10.5
54
22.6
40.5
7.8
22
0
34.3
12
22.5
3.5
29
24.3
26.2
33
22.3
23.3
22.8

5.6
9.3
7.6
24
6.6
2.9
4.6

Start diameter (mm)
mean
s.e.
33.3
48.4
22.5
10.6
15
0
20
8.6
27.5
17.6
35
28.3
31.2
19.7
10
7
30
28.2
20
0
26.6
20.8
30
7.1
50
0
50
0
30
26
28.3
16.1
25
8.6
26.6
11.7
56.5
26.2
35.5
13.4
26
0
32.3
10.9
25
0

Start volume (cm3)
mean
s.e.
121.8
196.4
48.4
58.5
16.7
0
37.8
45.2
71.3
88.7
139.3
173.3
105.3
119
11.2
7.8
123.7
94.9
4.6
0
84
96.1
73.8
58.1
166.5
0
166.5
0
188.9
311.9
60.5
73.9
41.1
42.2
50.8
54.8
416.6
426.7
146.8
80.6
22.3
0
105.3
91.8
24.7
11.3

32.5
23.6
27.2
25
27.6
21.3
24.5

53.9
39.5
45.3
135.2
27.3
27.4
27.3

3.5
14
11.2
14.1
14.2
5.7
10.3

30.1
43.5
35.2
179.1
19.5
9.2
13.6

Start leaf count
mean
s.e.
7
4.5
3
0.6
2
0
2.5
0.3
5
1
3
0
4
1.4
2
0
6.6
4.6
2
0
4.3
3.2
3.5
0.5
8
0
8
0
4.3
1.6
4.8
2.7
6
2.1
5.3
1.4
4
1
4.3
1.3
3
0
4
0.8
3.5
1.2
3.8
3.3
3.6
3.3
5.6
12
8.2

0.8
0.9
0.6
0.88
2.7
1
2.2
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Pots were watered on the same day each week and were randomly re-assigned to new
positions within each chamber every 4 weeks, to eliminate any potential effects of
position within the chamber on temperature or light conditions. The height, diameter
and leaf number of target T. scariosaplants were measured at the start and at the end
of the experiment, which ran without interruption for 12 weeks. Volume was
calculated (hemispherical) based on height measurements. These measures of plant
dimensions were explored as indicators of competition. They also may be surrogates
for biomass (White and Harper 1970; Idso and Kimball 1997; Niklas and Enquist
2001).
4.3.3

Statistical analyses

Due to limited replication, the potential competitive effects of individual shrub species
A. ligulataand L. coriaceum on T. scariosacould not be examined. Therefore, data for
the shrub species were combined for the analysis. As such, the effect of neighbour on
the growth of the target T. scariosacompared shrubs versus T. scariosa. Variation in
each of the growth response variables was spread evenly across all treatment
combinations and examined prior to commencement of the experiment to ensure no
bias in starting size occurred among the treatments (Table 4.3). Nonetheless, a relative
measure of growth corrected for starting values was estimated for each response
variable (‗rHeight‘, ‗rDiameter‘, ‗rVolume‘ and ‗rLeaf‘), which allowed a
standardised comparison of effects based on initial plant size. This estimate is defined
as the increase in biomass per unit plant biomass present at the commencement of the
study (Poorter 1993), was calculated using the following formula:

where X represents the growth response variable and t0 and t1 represent the start and
end of the experiment, respectively.
For each response variable, model-subset selection using Akaike‘s Information
Criterion corrected for small sample size (AICc) was employed to identify the best
model from a set of candidate generalised linear models (GLMs) with a normal
(Gaussian) distribution (Burnham and Anderson 2002). The candidate GLMs analysed
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all combinations of single factors and two-way interactions (Table 4.4). Higher order
interactions were not included due to sample size and unbalanced designed (i.e. due to
mortality, see Table 4.2). We followed the recommendations of Harrell et al. (1996),
requiring ten sample points per predictor degree of freedom. The model with the
smallest AICc value (the top model), and any model within two AICc points of the top
model was considered to have strong support (Burnham and Anderson 2002). For each
growth response variable, a preferred model was selected from the best set of models
which included only predictors that were significant (i.e. p < 0.05). Shapiro-Wilks
tests on the residuals of the GLMs were done to check the residuals were normally
distributed. Each response variable required either a log or quartic root transformation
to achieve normality on the residuals. All analyses were done using R, v.2.13.1 R
Development Core Team (2011).

83

Table 4.3Factorial analysis of variance (ANOVA) results to test for bias in starting height, diameter, volume and leaf count of Triodia
scariosaseedlings across temperature, water, sand and neighbour treatments.
Coefficient

Start volume (mm3)

Start height (mm)

Start diameter (mm)

Start leaf count

Df

F value

p value

F value

p value

F value

p value

F value

p value

Neighbour

1

0.15

0.70

0.52

0.47

0.57

0.46

0.45

0.51

Sand

1

0.17

0.68

1.31

0.26

0.60

0.45

0.83

0.37

Water

1

0.06

0.80

0.31

0.58

0.11

0.74

0.05

0.82

Temp.

1

2.82

0.10

2.93

0.10

0.87

0.36

1.96

0.17

Neighbour * Sand

1

0.58

0.45

0.76

0.39

0.24

0.62

0.23

0.64

Neighbour * Water

1

0.12

0.73

0.87

0.36

0.38

0.54

1.95

0.17

Sand * Water

1

1.35

0.25

0.76

0.39

0.37

0.55

0.24

0.63

Neighbour * Temp.

1

0.92

0.34

0.54

0.47

1.59

0.22

0.51

0.48

Sand * Temp.

1

0.29

0.59

1.44

0.24

1.00

0.32

0.44

0.51

Water *Temp.

1

0.83

0.37

0.13

0.72

2.10

0.16

1.91

0.18

Neighbour * Sand * Water

1

0.07

0.79

0.27

0.61

0.003

0.96

1.58

0.22

Neighbour * Sand * Temp.

1

0.03

0.87

0.64

0.43

0.003

0.96

0.15

0.70

Neighbour * Water * Temp.

1

0.41

0.53

1.11

0.30

0.05

0.82

1.90

0.18

Sand * Water *Temp.

1

0.50

0.48

0.48

0.49

1.14

0.29

0.00

0.98
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4. 4 Results
The best set of models (i.e. the top model with the smallest AICc and all models within
2 dAICc points) for all of the growth response variables included various combinations
of sand, temperature and water, but none included an effect of shrub neighbour (Table
4.4). Only one response variable was influenced by a significant interaction between
predictor variables (i.e. rLeaf).

Four models were included in the best set of models for height. Temperature was
included as a significant predictor in the top model, as well as in each of the remaining
3 models along with non-significant effects of sand and/or water. As such, model 2
(height ~ temperature) was selected as the preferred model for height. Height was
significantly higher under high compared to low temperatures (t = 3.89, p = 0.0003,
Table 4.5, Figure 4.2a).

Four models were included in the best set of models for diameter. The top model
included significant effects of sand and temperature plus a non-significant effect of
water. The next best model also included significant effects of sand and temperature
only. The remaining two models included non-significant interactions of sand and
temperature, and temperature and water plus a significant effect of sand. As such,
model 8 (diameter ~ sand + temperature) was selected as the preferred model for
diameter. Diameter was significant larger under high compared to low temperatures (t
= 3.94, p = 0.0003, Table 4.5, Figure 4.2b) and on yellow compared to red sand (t =
2.43, p = 0.019, Table 4.5, Figure 4.2c).

Five models were included in the best set of models for volume. Temperature was
included as a significant predictor in the top model, as well as in each of the next 3
best models along with non-significant effects of sand and/or water. In the fifth model,
temperature was included in a non-significant interaction with water, plus a nonsignificant effect of sand. As such, model 2 (volume ~ temperature) was selected as
the preferred model for volume. Volume was significantly greater under high
compared to low temperatures (t = 3.82, p = 0.0004, Table 4.5, Figure 4.2d).
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Five models were included in the best set of models for leaf count. Temperature was
included as a significant predictor in four of the best models, along with nonsignificant effects of sand and/or water. In addition, one of the best models included a
non-significant interaction of temperature and water. As such, model 2 (leaf count ~
temperature) was selected as the preferred model for leaf count. Leaf count was higher
under high compared to low temperatures (t = 2.495, p = 0.016, Table 4.5, Figure
4.2e).

Two models were included in the best set of models for relative change in height. The
top model included significant effects of sand and temperature, and the other model
included a non-significant interaction of sand and temperature. As such, model 8
(rHeight ~ sand + temperature) was selected as the preferred model for relative change
in height. The relative change in height was greater under high compared to low
temperatures (t = 2.79, p = 0.008, Table 4.6, Figure 4.2f,) and on yellow compared to
red sand (t = 3.27, p = 0.002, Table 4.6, Figure 4.2g).

Two models were included in the best set of models for relative change in diameter.
The top model included significant effects of sand and temperature, and the other
model included a non-significant interaction of sand and temperature. As such, model
8 (rDiameter ~ sand + temperature) was selected as the preferred model for relative
change in diameter. The relative change in diameter was greater under high compared
to low temperatures (t = 2.80, p = 0.008, Table 4.6, Figure 4.2h,) and on yellow
compared to red sand (t = 4.38, p < 0.0001, Table 4.6, Figure 4.2i).

Two models were included in the best set of models for relative change in volume.
The top model included significant effects of sand and temperature, and the other
model included a non-significant interaction of sand and temperature. As such, model
8 (rVolume ~ sand + temperature) was selected as the preferred model for relative
change in volume. The relative change in volume was greater under high compared to
low temperatures (t = 2.86, p = 0.007, Table 4.6, Figure 4.2j,) and on yellow
compared to red sand (t = 3.42, p = 0.001, Table 4.6, Figure 4.2k).
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Two models were included in the best set of models for relative change in leaf count.
Both models included a significant interaction of temperature and water, however, one
of the models also included a non-significant effect of sand type. Therefore, model 7
(rLeaf ~ temperature x water) was selected as the preferred model for relative change
in leaf count. The relative change in leaf count was significantly higher under high
temperatures and high water compared to all other combinations of temperature and
water (t = -3.09, p = 0.003, Table 4.6, Figure 4.2l).

Figure 4.2 The significant effects of predictors on the growth of Triodia
scariosaseedlings that were contained within the preferred model for each of the
growth parameters, including: a. the effect of temperature on height, b. the effect of
temperature on diameter, c. the effect of sand on diameter, d. the effect of temperature
on volume, e. the effect of temperature on leaf count, f. the effect of temperature on
the relative change in height (rHeight), g. the effect of sand type on the relative change
in height (rHeight), h. the effect of temperature on the relative change in diameter
(rDiameter), i. the effect of sand type on the relative change in diameter (rDiameter), j.
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the effect of temperature on the relative change in volume (rVolume), k. the effect of
sand type on the relative change in volume (rVolume), and l. the interaction of
temperature and water on the relative change in leaf count (rLeaf).
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Table 4.4 Results of model-subset selection of the candidate set of generalised linear models (GLMs) using the deviance in Akaike‘s
Information Criterion corrected for small sample size (dAICc) values for each growth response variable; height, diameter, volume, leaf count,
relative change in height (rHeight), relative change in diameter (rDiameter), relative change in volume (rVolume) and relative change in leaf
count (rLeaf). Bold values indicate the best set of models, which are defined as those within 2 dAICcpoints of the top model with thesmallest
AICc value and are considered to have strong support.
Model No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Formula
‗response‘ ~ sand
‗response‘ ~ temp
‗response‘ ~ water
‗response‘ ~ neighbour
‗response‘ ~ sand * temp
‗response‘ ~ sand * water
‗response‘ ~ temp. * water
‗response‘ ~ sand + temp.
‗response‘ ~ sand + water
‗response‘ ~ temp. + water
‗response‘ ~ sand * temp. + water
‗response‘ ~ sand + temp. * water
‗response‘ ~ sand + temp. + water
‗response‘ ~ neighbour * sand
‗response‘ ~ neighbour * temp
‗response‘ ~ neighbour * water
‗response‘ ~ temp. * neighbour + water
‗response‘ ~ temp. * neighbour + sand
‗response‘ ~ water * neighbour + temp.
‗response‘ ~ water * neighbour + sand
‗response‘ ~ sand * neighbour + temp.
‗response‘ ~ sand * neighbour + water
‗response‘~ temp. * neighbour + water + sand
‗response‘ ~ water * neighbour + temp. + sand
‗response‘ ~ sand * neighbour + temp. + water

Height
11.75
0.00
13.48
15.28
2.50
16.01
2.36
0.23
13.52
0.94
3.45
2.07
0.95
20.14
7.54
22.28
8.57
8.27
8.32
22.98
9.41
22.62
9.12
9.22
10.94

Diameter
10.65
2.95
14.86
17.69
1.71
14.23
5.17
0.03
11.99
3.53
2.03
1.08
0.00
19.61
11.78
23.13
12.22
9.23
9.96
20.75
10.20
21.56
9.05
7.08
10.73

Volume
11.96
0.00
13.35
15.33
2.78
16.11
1.78
0.51
13.64
0.76
3.56
1.72
1.06
20.26
7.69
22.16
8.49
8.74
8.06
23.10
9.72
22.68
9.38
9.25
11.10

Leaf count
3.45
0.05
4.04
7.18
2.86
6.35
1.74
0.52
4.01
0.00
2.73
1.69
0.16
11.75
8.90
12.01
9.02
9.73
6.96
12.71
9.86
13.15
9.60
8.03
10.43

rHeight
7.05
8.56
16.46
18.87
1.25
11.96
13.48
0.00
9.47
10.98
3.87
5.13
2.44
15.38
18.14
26.33
21.17
10.15
20.27
19.90
8.19
18.39
13.28
12.50
11.18

rDiameter
3.66
14.50
19.75
21.79
0.02
7.69
19.41
0.00
6.12
16.85
2.77
5.32
2.59
10.56
22.38
27.50
25.41
8.78
24.01
14.34
5.81
13.63
12.05
10.17
8.84

rVolume
5.89
8.44
15.70
17.94
0.69
10.77
13.24
0.00
8.33
10.89
3.31
5.02
2.40
14.54
17.88
25.56
20.94
9.80
20.08
18.84
8.33
17.60
12.90
12.29
11.25

rLeaf
13.73
8.05
11.68
15.94
12.51
15.58
0.00
10.05
13.33
6.40
10.92
1.25
8.28
17.14
15.82
20.50
13.42
18.49
14.56
22.70
15.34
17.60
16.08
17.13
14.65
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Table 4.5 Parameter estimate (Est.), standard error (Std.Er) and significance values for the predictors contained within the best set of generalised
linear models (GLMs) from the model-subset selection (Table 4.4) for each raw growth response variable; height, diameter, volume, leaf count.
Bold values indicate significance at the p = 0.05 level and are the predictors of the preferred model for each growth response variable.
Coefficient

Height

Diameter

Volume

Leaf

Est.

Std.Er

t value

p value

Est.

Std.Er

t value

p value

Est.

Std.Er

t value

p value

Est.

Std.Er

t value

p value

Sand(Yellow)

0.16

0.11

1.44

0.15

0.30

0.13

2.43

0.019

0.19

0.12

1.58

0.12

0.03

0.02

1.484

0.14

Temp.(High)

0.42

0.11

3.89

0.0003

0.49

0.12

3.94

0.0003

0.64

0.17

3.82

0.0004

0.05

0.02

2.495

0.016

Water(Low)

-0.13

0.11

-1.18

0.25

-0.19

0.12

-1.54

0.13

-0.02

0.15

-0.16

0.87

-0.03

0.02

-1.646

0.11

Sand(Yellow)*Temp(High)

-

-

-

-

-0.22

0.26

-0.87

0.39

-

-

-

-

-

-

-

-

Temp.(Hot)*Water(Low)

-

-

-

-

-0.29

0.25

-1.19

0.24

-0.32

0.24

-1.343

0.18

-0.04

0.04

-0.842

0.4045

Table 4.6 Parameter estimate (Est.), standard error (Std.Er) and significance values for the predictors contained within the best set of generalised
linear models (GLMs) from the model-subset selection (Table 4) for each relative growth response variable; relative change in height (rHeight),
relative change in diameter (rDiameter), relative change in volume (rVolume) and relative change in leaf count (rLeaf). Bold values indicate
significance at the p = 0.05 level and are the predictors of the preferred model for each growth response variable.
Coefficient

rHeight

rDiameter

rVolume

rLeaf

Est.

Std.Er

t value

p value

Est.

Std.Er

t value

p value

Est.

Std.Er

t value

p value

Est.

Std.Er

t value

p value

Sand(Yellow)

0.46

0.14

3.27

0.002

0.62

0.14

4.38

<0.0001

0.62

0.18

3.42

0.001

0.14

0.12

1.12

0.27

Temp.(High)

0.47

0.16

2.79

0.008

0.46

0.16

2.80

0.008

0.61

0.21

2.86

0.007

-

-

-

-

Water(Low)

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-0.23

0.21

-1.10

0.27

-0.33

0.21

-1.55

0.13

-0.36

0.27

-1.32

0.19

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-0.74

0.24

-3.09

0.003

Sand(Yellow)*Temp(High)
Temp.(Hot)*Water(Low)
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4. 5 Discussion
Our results suggest that environmental determinants of the growth of T. scariosa are
likely to be more important than competition with shrubs in controlling the distribution
of T. scariosaand the switch in fuel systems that occurs across the Mediterranean
woodlands of south eastern Australia. Temperature and sand type had the strongest
influence on the growth of T. scariosa, whereby growth was consistently higher under
high compared to low temperatures and on yellow compared to red sands (Figure 4.2,
Table 4.6). The results are consistent with a previous field study that found no
evidence of competitive suppression of T. scariosaby woody shrubs across the rainfall
and soil fertility gradients of this region (Chapter 2) and supports the notion that
resource partitioning may occur between T. scariosaand woody shrubs (Aerts et al.
1991; Schenk and Jackson 2002; February et al. 2011; Throop et al. 2011).
4.5.1

Environmental determinants of T. scariosagrowth

The results indicate that temperature plays a strong role in controlling the growth of T.
scariosa. There was consistency across all growth response variables, whereby high
temperatures improved the growth of T. scariosa. Triodia scariosa utilises the C4
photosynthetic pathway, which enhances photosynthesis and water-use efficiency
under warmer temperatures (Ehleringer and Monsons 1993; Sage et al. 1999;
Osbourne and Freckleton 2009). Given that T. scariosacover is high in the hot, north
of the region and declines as temperatures decrease towards the south (Chapter 2), the
effect of temperature on T. scariosagrowth is likely to be a key determinant of its
present-day distribution.

While temperature was a significant predictor of T. scariosagrowth across all growth
response variables, the effect of sand type was generally only significant for the
relative measures of growth and not the raw measures (e.g. rHeight versus height),
with the exception of diameter. The large variation in starting values for height,
diameter, volume and leaf count (Table 4.2) may have influenced the results of the raw
growth response measures. Therefore, the relative measure of change in growth may
provide a more accurate measure of T. scariosagrowth responses.
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The higher growth of T. scariosaon the less fertile yellow sands was an unexpected
result, as reduced soil fertility was expected to reduce productivity.Organic matter
content of soils can vary widely between soil types and may influence available water
content (Oades 1988; Hudson 1994). However, further research exploring potential
differences in organic soil properties between the sand types would be required. While
the mechanism driving the effect of soils on T. scariosagrowth may be unclear, the
results suggest that the distribution of soil types across the Mediterranean region of
south eastern Australia is unlikely to control the distribution and cover of T. scariosa.
Triodia scariosais a dominant feature of the understory across the red sands in the
north of the region but occurs in low abundance (though notably still present; CHAH
2013) across the yellow sands in the shrub-dominated heath communities across south
of the region. Given that the distribution of yellow sands coincides with cooler
temperatures across the landscape, but the growth if T. scariosais enhanced by yellow
sands, the results suggest that the present-day distribution and abundance of T.
scariosais determined by temperature rather than soils.

The experimental design posed several limitations that may have influenced the
results. The use of mean annual maximum and minimum temperatures represents a
narrow range of temperatures than would occur in field situations. For example,
summer maximum temperatures at soil levels are likely to be considerably higher (e.g.
>55°C; Andersen 1983) and responses may differ under such conditions. Water may
also be more limiting under field conditions, given the potential for higher
temperatures and desiccation rates. In addition, the regular weekly delivery of pro-rata
average annual rainfall (for practical reasons) does not simulate the sporadic nature of
natural rainfall that occurs in the field. This study assessed competition of shrubs on T.
scariosaduring a relatively small phase of the life cycle. While the lack of observed
competitive effects is consistent with correlative field evidence, potential effects later
in the life cycle, or of potential competitive suppression of shrubs by T. scariosa,
remain to be determined experimentally. Furthermore, below ground growth responses
were not examined. Nonetheless, the results provide important insight into the
environmental determinants of the growth of T. scariosa.
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4.5.2

Implications of climate change on fuel dynamics

The results suggest there is strong potential for the distribution and abundance of T.
scariosato be altered in the future with changes in temperature associated with climate
change. Across the study region, an increase in mean annual temperature by 4-5°
Celsius is within the range projected to occur by 2070 (Suppiah et al. 2007). Given
that T. scariosa is present, albeit in very low abundance, within the shrub-dominated
heath communities on yellow sands across the south of the region, such an increase in
temperature may promote growth and abundance of T. scariosaacross the yellow
sands. As yellow sands significantly enhanced the growth of T. scariosacompared to
red sands, the distribution of soil types across this region may be predisposed to favour
the southerly expansion of T. scariosa-dominated mallee communitiesin the future
under a warmer climate, as hypothesised by Keeleyet al.(2012).

However, future changes in community states in this region may ultimately depend on
the relative response of shrubs compared to grasses to future changes in temperature,
moisture and CO2. For example, given that C3 shrubs are more likely to occur under
winter rainfall regimes, warmer, drier conditions in the future may be expected to
negatively affect shrubs across the yellow sands toward the south of the Mediterranean
region of south eastern Australia. This may allow T. scariosato rapidly increase in
abundance, and result in a shift in community states from high diversity heath
communities with relatively short fire intervals influenced by a fire probability that
increases as a function of time since fire (i.e. fuel age dependent), to T. scariosadominated mallee with longer fire intervals and fire probability independent of fuel
age (Chapter 3). However, elevated CO2 is expected to provide a relatively greater
benefit to C3 shrubs than C4 grasses (Wang et al. 2011; Bond and Midgley 2012;
Tooth and Leishman 2012). Therefore, quantifying the relative responses of T.
scariosaand woody shrubs to CO2 in association with moisture, temperature and soils
will help to predict the potential for community composition change and
corresponding influences on fire regimes that may occur in this region in the future.

93

5

ENVIRONMENTAL DETERMINANTS OF GRASS AND SHRUB COVER
ACROSS A TRANSITIONAL CLIMATE REGION: IMPLICATIONS OF
ELEVATED CO2 AND CLIMATE CHANGE ON FUEL DYNAMICS AND
FIRE REGIMES

5. 1 Abstract
The relative mix of grasses and woody plants within a community is likely to have a
strong influence on the nature of fire regimes, given the different patterns of growth
and flammability between the life-forms. Climate change may influence fire regimes
via effects on the relativegrowth responses of grasses and woody plants to changes in
temperature, moisture and CO2. Previous research in the Mediterranean region of
south eastern Australia indicates that temperature is a primary control on the presentday distribution of the perennial hummock grass, Triodia scariosa. An increase in
temperature in the future may be expected to promote the southerly expansion of T.
scariosaacross the yellow sands that dominate the south of the region, within the
present-day shrub-dominated communities. However, the relative growth responses of
woody shrubs compared to T. scariosato environmental conditions has not previously
been examined. Therefore, this study aimed to experimentally determine the relative
influence of temperature, moisture, soils and CO2 on the growth of T. scariosa, and
two common woody shrub species that occur across the range of T. scariosa; A.
ligulataand L. coriaceum.The results indicate that A. ligulataand T. scariosaexhibited
strong tolerance for dry conditions, with L coriaceumbeing relatively less tolerant of
hot, dry conditions. Triodia scariosa had relatively greater growth under higher
temperatures, which was predicted given the higher water use efficiency under hot
temperatures of the C4 photosynthetic pathway. Interactions between climate factors,
CO2 and soils added complexity to growth responses in some cases. Nonetheless, the
results suggest there is the potential for a southerly expansion of T. scariosa, with a
corresponding decline of the less drought-tolerant shrub species. Changed fire regimes
due to an increase in T. scariosacover, relative to woody shrub species, may transform
community states from the highly diverse Mediterranean-type vegetation (temperate
mallee heathlands) to semi-arid mallee woodlands in the future.
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5. 2 Introduction
Productivity, as a function of moisture, influences fire activity via effects on the
amount, structure and connectivity of fuels and their availability to burn (e.g. the
productivity-fire frequency model; Bond and Keeley 2005; Pausas and Bradstock
2007; Bradstock 2010; Krawchuk and Moritz 2011). The response of fuel to moisture
will also be affected by the growth-form composition of plant communities (Pausas
and Paula 2012). Herbaceous (i.e. grasses and forbs) and woody plants (i.e. trees and
shrubs) represent a key dichotomy in fuel systems due to fundamentally different fuel
properties associated with contrasting patterns of growth, fuel accumulation and
flammability (Walker 1981; O'Connor et al. 2011; Sullivan et al. 2012; Murphy et al.
2013).

Ecosystems where grasses and woody plants coexist are transitional between
grasslands and forests or shrublands (House et al. 2003; Bond 2008; Bond and
Midgley 2012). Fire in dry, open communities with low tree or shrub cover often
occurs after periods of heavy rainfall, which stimulate the rapid growth of grasses and
herbs and provide the fuel connectivity and biomass required to carry fire (Allan and
Southgate 2002; Letnic and Dickman 2006; Southgate and Carthew 2007). By
contrast, fires in dry communities dominated by woody plants, such as heathlands and
shrublands, are not linked to antecedent rainfall events. Rather, woody plants
accumulate fuel biomass in a regular manner, and flammability increases with time
since fire and antecedent fire weather conditions (Bradstock 2010; Krawchuk and
Moritz 2011; Pausas and Paula 2012). Therefore, the relative mix of grasses and
woody plants will have a strong influence on the nature of fire regimes. Fire regimes
in transitional systems may be particularly sensitive to effects of climate change, as
grasses and woody plants are likely to exhibit different responses to changes in
temperature, moisture and CO2 projected to occur with climate change (Coleman and
Bazzaz 1992; Polley 1996; Bond and Midgley 2012; Cary et al. 2012). Understanding
the relative responses of grasses and woody plants to climate-related factors will
provide insight into how community composition and fuel dynamics in these systems
may be expected to change in the future.
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The Mediterranean climate region of south eastern Australia is a transitional
grass/shrub system positioned between arid woodlands to the north, and temperate
sclerophyll forests, shrublands and heaths to the south. Semi-arid mallee woodlands
and temperate mallee heathlands dominated by multi-stemmed Eucalyptus species (i.e.
the mallee growth-form) commonly occur in the north and south of this region,
respectively. Within the understory of these communities, the relative cover of the
perennial C4 grass, Triodia scariosa, ephemeral C3 grasses and herbs, and C3 woody
shrubs varies across a moisture/fire frequency gradient (Chapter 2; (Pausas and
Bradstock 2007), which also corresponds with changes in soil fertility, temperature
and seasonality of rainfall. Towards the south, temperatures become cooler, rainfall
increases and becomes winter-dominated and the dominant soil type changes from red
to yellow siliceous sands, which are relatively more acidic and less fertile (Blackburn
and Wright 1989; Wasson 1989; Hutchinson et al. 2005). In this southward direction,
grass (perennial and ephemeral) cover declines and shrub cover increases,
corresponding with increased frequency and fuel-age dependency of fire (Chapter 3;
Pausas and Bradstock 2007).

Previous research suggests the reduction in temperature, rather than the increase in
rainfall or the distribution of soil types, is likely to control the decline in T. scariosa
cover from north to south across the Mediterranean climate region of south eastern
Australia (Chapter 4). In addition, yellow sands promoted the growth of T. scariosain
comparison to red sands, for any given level of temperature and moisture treatment
(Chapter 4). As such, an increase in temperature in the future may be expected to
promote the growth and abundance of T. scariosaacross the yellow sands in the south
of the region within the temperate mallee heathlands. Consequently, a switch in
community states may occur from temperate mallee heathlands to semi-arid mallee
woodlands. However, changes in community states in this region may ultimately
depend on the relative response of shrubs and grasses to environmental conditions in
the future.

Species of Triodia and Acaciaare widespread across the arid interior of Australia
(Beadle 1981). As such, T. scariosaand A. ligulata, which are common in mallee
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communities,were expected to be highly drought-tolerant and able to withstand high
temperature and low water conditions. However, plants that use the C4 photosynthetic
pathway (e.g. T. scariosa) have greater photosynthetic and water-use efficiency
compared to plants that use the C3 pathway, such as woody shrubs (Ehleringer and
Monsons 1993; Sage et al. 1999; Murphy and Bowman 2007; Osbourne and
Freckleton 2009). Therefore, T. scariosamay have relatively higher growth rates under
high temperatures compared to A. ligulata. Leptospermum coriaceum, a common
sclerophyllous shrub in mallee communities,is also considered drought-tolerant, but its
range does not extend across the arid zone. Rather, species of the genus Leptospermum
are sclerophyllous shrubs, common across temperate heath and forest vegetation in
Australia (Specht 1969; Edwards et al. 2000). Given the C3 photosynthetic pathway
and temperate distribution of the genus, L. coriaceummay be relatively less tolerant to
high temperatures and low water conditions than T. scariosaor A. ligulata.

Furthermore, L. coriaceummay be expected to exhibit growth responses to changes in
soils. Acidic, nutrient-poor soils favour plants with small, hard sclerophyllous leaves
that accumulate highly flammable, polyphenolic compounds, which also lower litter
decomposition rates thus favouring the accumulation of fuel with time since fire
(Kraus et al. 2003; Orians and Milewski 2007; Ojeda et al. 2010; Keeley et al. 2011;
Midgley and Bond 2011). As such, the growth of L. coriaceummay be relatively
tolerant of acidic, low fertility soils. However, the relative importance of climate
compared to soils requires investigation, in order to predict whether effects of soils
will mediate any potential effects of changes in temperature and moisture on the
growth of L. coriaceumor vice versa.

Atmospheric CO2 may mediate the differential climatic responses hypothesised above.
Concentration of atmospheric CO2 has risen from 280 ppm in 1800 to 400 ppm in
2013, and is currently increasing at nearly 2 ppm per year (Fraser and Raupach 2011;
Monastersky 2013). Such increases in atmospheric CO2 are expected to have direct
effects on plant growth, although divergent responses between species may be
expected. Having evolved under low atmospheric CO2 concentrations, the
C4photosynthetic pathway is CO2 saturated at present-day atmospheric concentrations
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(Sage et al. 1999; Keeley and Rundel 2005). By contrast, the C3 photosynthetic
pathway is CO2-limited at present-day atmospheric concentrations. Therefore, a rise in
atmospheric CO2 is expected to provide a relatively greater benefit to C3 shrubs than
C4 grasses (Wang et al. 2011; Bond and Midgley 2012; Tooth and Leishman 2012).
Furthermore, the higher carbon requirements of woody plants compared to grasses (i.e.
allocation to woody structures to attain height; Bond and Midgley 2000) can be
reached more efficiently and quickly under elevated CO2(Drake et al. 1997).
However, the interaction of CO2 with temperature has been found to affect plant
performance in different ways compared with CO2 alone (Coleman and Bazzaz 1992;
Wang et al. 2011). For example, effects of soil desiccation from warming or low
rainfall may be neutralised with elevated CO2 for C4 plants (Morgan et al. 2011).
Accordingly, T. scariosamay be expected to respond to elevated CO2 under low water
and/or high temperatures, but not under high water and/or low temperatures. We
examined the relative influence of temperature, moisture, soils and elevated CO2 on
the growth of T. scariosa, A. ligulataand L. coriaceumthrough experiments in plant
growth chambers to provide insight into the potential for changes in relative grass and
shrub cover across the Mediterranean grass/shrub system of southeastern Australia.
The results will provide insight into the potential for a shift in community states from
temperate mallee heathlands to semi-arid mallee woodlands to occur under a warmer
drier climate in the future, as hypothesised by Keeleyet al. (2012).
5. 3 Methods
5.3.1

Experimental design

Experimental treatments were selected to simulate the moisture, temperature and soils
conditions that occur naturally across the Mediterranean climate landscape of south
eastern Australia. The reference region that was used to develop the experimental
design encompasses much of the Murray Lowlands from south-west New South Wales
(NSW), to central-west Victoria (Figure 5.1). The region spans a rainfall gradient from
approximately 200mm/yr in the north to 400mm/yr in the south. This increase in total
rainfall corresponds with a decline in mean temperature and a change in rainfall
seasonality whereby rainfall becomes increasingly winter-dominated.
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Figure 5.1Location of the reference region in south eastern Australia that was used to
develop the experimental design, demonstrating the confounded nature of rainfall,
temperature and soils across the region.
The relative cover of shrubs compared to grasses gradually increases in a southward
direction (Chapter 2; Pausas and Bradstock 2007). Woody shrubs become the
dominant understory fuel element in temperate mallee heathlands that dominate the
south of the region. Triodia scariosa occurs in very low abundance in mallee
heathlands, but is notably still present(CHAH 2013). Mallee woodlands and
heathlands occur on undulating dune fields of aeolian sands that are either red or
yellow in colour(NRIC 1991). Red sands,derived from alluvial and subsequent Aolian
origins are prevalent in the north, whereas yellow sands, formed by marine processes,
are common across the south. Yellow sands are relatively less fertile than the red
sands due to a relatively more acidic pH, which reduces nutrient availability for plant
growth (Blackburn and Wright 1989; Wasson 1989).
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Three species were selected for use in this study, T. scariosa, and two common woody
shrub species; Leptospermum coriaceum and Acacia ligulata. These shrub species
were selected as they commonly co-occur with T. scariosa throughout the region
(Matt White, pers. comm. 2010; AVH 2010). Two temperature treatments were
simulated in four, large, controlled environment chambers at the Australian National
University Controlled Environment Facility. These treatments were selected to
represent the average annual maximum and minimum temperatures that occur in the
hot north and cool south of the reference region. Two chambers were allocated to each
temperature treatment, with a fixed diurnal cycle of 12 hours each of light and dark.
Two watering treatment levels were used to represent the average annual precipitation
that occur in the dry north and wet south. In addition, one chamber in each of the two
temperature treatments was set with elevated CO2 and the other chamber was left at
ambient CO2. Ambient CO2 in the chambers was 300-350 ppm, while the elevated
CO2 treatment was set at 800-850ppm, which is within the range estimated to occur by
2100 if no atmospheric CO2 stabilisation occurs and feedback effects are considered
(Friedlingstein et al. 2006). All combinations of temperature, water, sand type and
CO2 were examined in the experiment (Table 5.1).
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Table 5.1Summary of the treatment combinations of temperature, water, sand type
and CO2 that were used in the experiment. Day and night temperatures represent the
average annual maximum and minimum temperatures that occur in the ‗hot‘ north and
‗cold‘ south of the reference region. The maximum (day) and minimum (night)
temperatures were applied with the chamber lights on and off, respectively. Low and
high water levels represent the average weekly rainfall (mm) that occur in the ‗low‘
north and ‗high‘ south of the reference region. The ambient level of CO2 in the
chambers was 300-350 ppm, while the elevated CO2 treatment was set at 800-850ppm,
which is within the range estimated to occur by 2100 if no atmospheric CO2
stabilisation occurs and feedback effects are considered (Friedlingsteinet al. 2006).
Treatment Level
Temperature (°C )

Water

CO2

Treatment
Combination

Label

Day

Night

Label

mm/wk

Sand Type

Label

(ppm)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

High
High
High
High
High
High
High
High
Low
Low
Low
Low
Low
Low
Low
Low

25
25
25
25
25
25
25
25
20
20
20
20
20
20
20
20

15
15
15
15
15
15
15
15
10
10
10
10
10
10
10
10

Low
Low
Low
Low
High
High
High
High
Low
Low
Low
Low
High
High
High
High

4.5
4.5
4.5
4.5
13
13
13
13
4.5
4.5
4.5
4.5
13
13
13
13

Red
Red
Yellow
Yellow
Red
Red
Yellow
Yellow
Red
Red
Yellow
Yellow
Red
Red
Yellow
Yellow

Ambient
Elevated
Ambient
Elevated
Ambient
Elevated
Ambient
Elevated
Ambient
Elevated
Ambient
Elevated
Ambient
Elevated
Ambient
Elevated

300-350
800-850
300-350
800-850
300-350
800-850
300-350
800-850
300-350
800-850
300-350
800-850
300-350
800-850
300-350
800-850

5.3.2

Preparation and data collection

Seeds of each species were purchased from a commercial native seed supplier (Tony
Langdon, Mildura Native Nursery) who collected them from mallee sites within the
study region. Seeds were sown in trays of each sand type in greenhouses with water
provided daily. Following emergence, seedlings were transplanted into pots at 3 and 6
months of age. A single seedling was transplanted into each pot (150mm diameter by
400mm deep PVC pipe with mesh bottom) containing sand of either type. Due to an
unexpectedly high rate of mortality of T. scariosaseedlings, plants from a previous
cohort raised 12 months earlier were also used in the experiment. These plants were
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larger in size than the younger seedlings (e.g. the older seedlings were up to 60mm
taller than the younger seedlings). Plants from this older cohort were evenly mixed
with younger plants across all treatment combinations.

Each pot was watered on the same day of each week throughout the experiment. Pots
were randomly re-assigned new positions within each chamber every 3-4 weeks, to
eliminate any potential effects of position within the chamber on temperature or light
conditions. Under each combination of CO2, temperature, water and sand treatments,
there were 5 replicate pots each for T. scariosaand A. ligulata, and 4 replicate pots for
L. coriaceum (i.e. 224 plants in total). Although within species, plants varied slightly
in initial size, the variation was spread evenly across all treatment combinations. The
experiment ran from mid-January to mid-June 2012 (22 weeks).

At the start of the experiment, the dimensions of all plants were measured (i.e. height
and 2 perpendicular measures of width; Tables 5.2, 5.3 and 5.4). At the end of the
experiment, all plants were destructively sampled. Above ground biomass was
compartmentalised into leaves and stems for the shrubs species. Root material was
sieved from the sand and washed, with root length measurements taken for the longest
intact piece of root material. All plant material was weighed before being oven dried
for 24 hours at 60°C and then re-weighed (Tables 5.2, 5.3 and 5.4).

Relatively greater allocation to below ground biomass, compared to above ground
biomass, is a strategy common to plants under nutrient or water limited conditions
(Aerts and Chapin 2000). An alternative strategy in resource-limited environments
involves morphological adaptations, such as relatively longer roots compared to total
root biomass. Logically, the costs of root construction per unit of root length should be
minimised under growth-limiting conditions to enable a greater volume of soil to be
exploited at a reduced cost. Under this assumption, specific root length (SRL), or the
ratio of root length to root mass, should increase as resources becoming limiting
(Ryser 2006; Ostonen et al. 2007). Therefore, the ratio of above to below ground
biomass and the SRL for each plant was estimated (Tables 5.2, 5.3 and 5.4).
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Table 5.2Summary table of the means and standard errors of T. scariosastarting size, total biomass, the ratio of above to below ground biomass
(Ratio), the relative growth rate, corrected for starting size (GRc), and the ratio of root length to root mass (specific root length; SRL) under each
combination of sand, water, temperature and CO2 treatment levels. n represents the number of replicates included in the experiment under each
treatment combination.
Start Size (cm3)

Treatment
Sand

Water

Temperature

Red

High

Low

Red

Red

High

Low

High

Low

Red

Low

High

Yellow

High

Low

Yellow

Yellow

Yellow

High

Low

Low

High

Low

High

Total Biomass (g)

Ratio

GRc

SRL

CO2

n

mean

s.e.

mean

s.e.

mean

s.e.

mean

s.e.

mean

s.e.

Ambient

5

3.30

0.91

8.92

2.63

4.00

1.43

2.27

0.47

2.47

0.26

Elevated

4

2.25

0.79

9.13

2.37

2.64

0.62

4.02

1.23

2.34

0.19

Ambient

5

3.46

1.31

11.62

3.27

4.31

1.38

4.54

1.48

2.33

0.18

Elevated

5

1.79

1.38

5.98

3.71

1.93

0.30

3.26

0.38

2.66

0.19

Ambient

5

4.71

1.71

9.48

2.24

3.47

2.01

1.64

0.30

2.23

0.25

Elevated

5

4.37

1.03

10.01

1.36

1.88

0.38

2.17

0.88

2.11

0.03

Ambient

5

4.15

1.18

7.49

2.85

3.15

0.46

1.44

0.63

2.47

0.17

Elevated

4

0.51

0.19

3.05

1.25

2.89

0.56

3.95

0.67

2.87

0.17

Ambient

5

1.11

0.29

4.31

1.07

2.26

0.45

3.81

1.27

2.67

0.16

Elevated

5

5.80

1.81

12.01

2.01

1.86

0.17

1.72

0.31

2.11

0.10

Ambient

5

1.92

0.56

10.41

2.37

3.09

0.38

4.67

0.38

2.31

0.15

Elevated

5

2.89

1.11

9.12

3.44

1.20

0.26

3.39

1.33

2.19

0.08

Ambient

5

2.60

0.98

4.81

0.89

0.80

0.13

1.51

0.59

2.36

0.06

Elevated

5

1.86

1.18

6.87

2.03

1.28

0.09

6.70

2.03

2.37

0.19

Ambient

5

4.19

1.13

8.69

1.62

1.82

0.40

1.47

0.24

2.22

0.09

Elevated

5

1.59

0.52

9.07

1.92

2.64

0.92

6.60

2.50

2.24

0.18
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Table 5.3Summary table of the means and standard errors of A. ligulatastarting size, total biomass, the ratio of above to below ground biomass
(Ratio), the relative growth rate, corrected for starting size (GRc), and the ratio of root length to root mass(specific root length; SRL) under each
combination of sand, water, temperature and CO2 treatment levels. n represents the number of replicates included in the experiment under each
treatment combination.
Start Size (cm3)

Treatment
Sand

Water

Temperature

Red

High

Low

Red

Red

Red

Yellow

Yellow

Yellow

Yellow

High

Low

Low

High

High

Low

Low

High

Low

High

Low

High

Low

High

Total Biomass (g)

Ratio

GRc

SRL

CO2

n

Mean

Std. Error

Mean

Std. Error

Mean

Std. Error

Mean

Std. Error

Mean

Std. Error

Ambient

5

0.01

0.01

0.45

0.09

3.03

0.47

38.99

22.63

3.45

0.09

Elevated

5

0.02

0.01

0.57

0.12

4.74

0.92

24.33

8.24

3.56

0.10

Ambient

5

0.01

0.00

1.51

0.41

2.96

0.87

93.77

41.80

3.03

0.14

Elevated

4

0.02

0.01

1.52

0.44

4.05

0.10

43.85

16.88

3.15

0.11

Ambient

4

0.01

0.00

0.40

0.13

2.00

0.28

25.62

8.29

3.30

0.08

Elevated

5

0.01

0.00

0.65

0.15

1.88

0.28

42.79

9.17

3.16

0.15

Ambient

4

0.01

0.01

0.44

0.05

3.66

1.17

49.31

18.75

3.37

0.10

Elevated

4

0.02

0.01

0.54

0.16

2.42

0.40

18.83

7.76

3.30

0.09

Ambient

5

0.01

0.00

0.54

0.08

4.43

0.34

62.22

22.78

3.60

0.09

Elevated

5

0.01

0.00

0.80

0.14

3.07

0.57

70.70

21.74

3.30

0.05

Ambient

5

0.02

0.01

1.79

0.33

2.22

0.50

211.46

108.56

2.91

0.08

Elevated

5

0.01

0.00

2.34

0.42

2.63

0.46

303.84

98.49

2.85

0.09

Ambient

5

0.01

0.00

1.00

0.17

1.50

0.16

117.25

54.61

3.02

0.07

Elevated

5

0.01

0.01

0.83

0.12

1.64

0.38

99.53

43.28

3.09

0.11

Ambient

5

0.01

0.00

0.62

0.07

2.99

0.52

64.74

26.13

3.23

0.07

Elevated

5

0.01

0.00

0.94

0.12

2.27

0.42

111.16

32.05

3.09

0.09
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Table 5.4 Summary table of the means and standard errors of L. coriaceumstarting size, total biomass, the ratio of above to below ground
biomass (Ratio), the relative growth rate, corrected for starting size (GRc), and the ratio of root length to root mass(specific root length; SRL)
under each combination of sand, water, temperature and CO2 treatment levels. n represents the number of replicates included in the experiment
under each treatment combination.
Start Size (cm3)

Treatment
Sand

Water

Red

High

Red

Red

Red

Yellow

Yellow

High

Low

Low

High

High

Temperature
Low

High

Low

High

Low

High

Yellow

Low

Low

Yellow

Low

High

Total Mass (g)

Ratio

GRc

SRL

CO2

n

Mean

Std. Error

Mean

Std. Error

Mean

Std. Error

Mean

Std. Error

Mean

Std. Error

Ambient

4

0.01

0.00

4.71

1.26

4.24

0.33

275.48

73.79

2.87

0.14

Elevated

4

0.01

0.00

1.50

0.46

1.06

0.11

135.34

48.46

2.95

0.13

Ambient

4

0.01

0.00

2.38

0.65

2.97

0.94

247.29

102.49

2.97

0.21

Elevated

4

0.01

0.00

4.31

1.31

6.20

1.28

751.35

243.01

2.83

0.11

Ambient

4

0.01

0.01

2.00

0.49

3.11

0.50

142.12

28.45

3.03

0.09

Elevated

4

0.01

0.00

0.71

0.14

1.10

0.27

73.61

12.27

3.06

0.08

Ambient

4

0.01

0.00

0.50

0.05

3.65

1.06

53.83

21.53

3.39

0.09

Elevated

4

0.01

0.00

1.36

0.24

3.88

0.73

210.65

23.81

3.19

0.08

Ambient

4

0.05

0.04

2.19

0.52

2.77

0.47

48.78

17.13

2.87

0.04

Elevated

4

0.01

0.01

0.83

0.16

1.26

0.27

59.27

23.31

3.11

0.10

Ambient

4

0.01

0.00

2.75

0.62

2.71

0.50

342.89

44.05

2.81

0.16

Elevated

4

0.01

0.00

4.39

0.77

4.76

0.99

658.31

67.99

2.77

0.13

Ambient

4

0.01

0.00

1.75

0.39

2.23

0.23

120.28

16.92

3.03

0.04

Elevated

4

0.02

0.01

1.10

0.22

0.55

0.07

38.03

17.90

2.82

0.08

Ambient

4

0.01

0.00

0.53

0.08

2.51

0.98

66.79

11.46

3.37

0.10

Elevated

3

0.01

0.00

0.95

0.32

3.07

0.25

127.22

33.31

3.22

0.14
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5.3.3

Statistical analyses

The variation in size of seedlings of each species across treatments at the start of the
experiment was analysed using analysis of variance (ANOVA; Table 5.5). Although
we aimed to spread the variation evenly across treatments, there were several cases
where statistically significant differences in sizes were detected between the
treatments. There were confounded pre-existing differences in plant size, indicated by
an interaction of sand and temperature on initial L. coriaceumsize (F = 4.77, d.f = 1, p
= 0.03), as well as interactions of temperature and CO2 (F = 5.73, d.f. = 1, p = 0.02)
and water and CO2 (F = 5.42, d.f. = 1, p = 0.02) on initial T. scariosasize (Table 5.5).
Therefore, a relative measure of growth, corrected for starting size (GRc) was
estimated to allow for a standardised comparison of effects based on initial plant size.
This was calculated as the increase in biomass per unit of biomass already present and
per unit of time (Poorter 1993):

where t0 and t1 represent the start and end of the experiment, respectively. Total
biomass at t1was estimated for each plant, based on the measures of dry weight of
plants at the end of the experiment. Total biomass at t0 was predicted for each plant
based on the relationship between size (height and width) and biomass (dry weight)
for each species.
Table 5.5 Factorial analysis of variance results for starting sizes of T. scariosa, A.
ligulata and L. coriaceumacross sand, water, temperature and CO2 treatments. Bold
text represents significance at the p=0.05 levels.
Coefficient
Sand
Water
Temperature
CO2
Sand:Water
Sand:Temperature
Water:Temperature
Sand:CO2
Water:CO2
Temperature:CO2
Sand:Water:Temperature
Sand:Water:CO2
Sand:Temperature:CO2
Water:Temperature:CO2
Sand:Water:Temperature:CO2

df
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

T. scariosa

A. ligulata

L. coriaceum

F value

Pr(>F)

F value

Pr(>F)

F value

Pr(>F)

0.09
0.15
1.50
1.55
1.03
3.37
0.00
2.63
5.42
5.73
1.83
3.53
0.07
0.00
1.44

0.76
0.70
0.23
0.22
0.31
0.07
1.00
0.11
0.02
0.02
0.18
0.06
0.79
0.99
0.23

6.17
1.35
0.19
0.20
0.90
0.67
0.07
1.76
0.02
0.08
0.24
0.02
2.96
0.75
0.01

0.02
0.25
0.66
0.66
0.35
0.42
0.79
0.19
0.90
0.78
0.63
0.90
0.09
0.39
0.92

3.09
0.08
20.63
2.85
0.28
4.77
0.58
0.63
2.46
0.17
0.01
2.90
0.05
1.50
1.57

0.09
0.78
<0.0001
0.10
0.60
0.03
0.45
0.43
0.12
0.69
0.94
0.10
0.82
0.23
0.22
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Separate analyses were undertaken for each of the three estimates of growth (i.e. the
ratio of above to below ground biomass,Grc and SRL) within each species to explore
the combined effects of temperature, moisture, soils and CO2 (Table 5.1). The
balanced design enabled the use of a full factorial ANOVA in each case. ShapiroWilks tests on the residuals were done to examine if data were normally distributed.
Each response variable for each species required either a log or quartic root
transformation to achieve normality on the residuals. Post-hoc differences between
means following ANOVA were examined using Tukey‘s Honestly Significant
Difference (HSD) tests. All analyses were done using R (v.2.13.1 R Development
Core Team 2011).
5. 4 Results
5.4.1

Triodia scariosa

Triodia scariosa developed relatively more above ground biomass compared to below
ground biomass at ambient CO2 under high temperatures and high water (F = 4.21, d.f.
= 1, p = 0.04, Figure 5.2a, Table 5.6). With elevated CO2, T. scariosadeveloped
significantly more below ground biomass compared to above ground biomass under
high temperatures and high water, compared to ambient CO2 (F = 9.43, d.f. = 1, p =
0.003, Figure 5.2b, Table 5.6,). Triodia scariosadeveloped more below ground
biomass under low temperatures and water (F = 7.23, d.f. = 1, p = 0.009,Figure
5.2c,Table 5.6,). Under ambient CO2, T. scariosahad a higher growth rate under high
water on both sand types. However, under elevated CO2, the growth rate was highest
under low water on yellow sand (F = 5.97, d.f. = 1, p = 0.02, Figure 5.2d and e, Table
5.6). Under ambient CO2, the SRL of T. scariosawas higher under low temperatures,
while the opposite occurred under elevated CO2 (i.e. higher under high temperatures;
F = 4.64, d.f. = 1, p = 0.04, Figure 5.2f, Table 5.6), though the post-hoc comparison of
means was not significant. Under high temperatures, the SRL of T. scariosa was
significantly higher on red sand, with no difference in SRL between sand types under
low temperatures (F = 6.41, d.f. = 1, p = 0.01, Figure 5.2g, Table 5.6).
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Figure 5.2 The significant effects of predictors on the growth of T. scariosa,
including: a. the interaction of temperature and CO2 on the ratio of above to below
ground biomass, b. the interaction of water and CO2 on the ratio of above to below
ground biomass, c. the interaction of water and temperature on the ratio of above to
below ground biomass, d. the interaction between sand type and water at ambient CO2
on the relative growth rate, corrected for starting size (GRc), e. the interaction between
sand type and water at elevated CO2 on GRc, f. the interaction of temperature and CO2
on the ratio of root length to root mass (specific root length; SRL), g. the interaction of
temperature and sand type on SRL. Different superscript letters indicate significant
differences in mean estimates among treatment levels at the p = 0.05 level, based on
Tukey‘s Honestly Significant Difference (HSD) post-hoc test results.
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Table 5.6 Factorial analysis of variance results for T. scariosa of the ratio of above to
below ground biomass (Ratio), the relative growth rate, corrected for starting size
(GRc), and the ratio of root length to root mass (specific root length; SRL) across sand,
water, temperature and CO2 treatments. Bold text represents significance at the p=0.05
levels.
Coefficient
Sand
Water
Temperature
CO2
Sand:Water
Sand:Temperature
Water:Temperature
Sand:CO2
Water:CO2
Temperature:CO2
Sand:Water:Temperature
Sand:Water:CO2
Sand:Temperature:CO2
Water:Temperature:CO2
Sand:Water:Temperature:CO2

5.4.2

df
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Ratio
F value
11.69
5.06
4.58
2.76
0.16
0.003
7.23
0.16
9.43
4.21
0.002
0.47
0.17
0.63
0.21

GRc

Pr(>F)
0.001
0.02
0.04
0.10
0.69
0.95
0.009
0.69
0.003
0.04
0.96
0.49
0.68
0.43
0.65

F value
0.81
3.02
1.30
5.04
3.10
0.00
0.27
0.13
16.61
0.06
0.00
5.97
0.72
2.35
2.28

Pr(>F)
0.37
0.09
0.26
0.03
0.08
1.00
0.60
0.72
0.0001
0.81
0.99
0.02
0.40
0.13
0.14

SRL
F value
2.06
0.24
0.65
0.11
0.04
6.41
1.35
2.87
1.37
4.64
1.49
1.00
0.63
0.32
0.53

Pr(>F)
0.16
0.62
0.42
0.74
0.84
0.01
0.25
0.10
0.247
0.04
0.23
0.32
0.43
0.57
0.47

Acacia ligulata

Under cold temperatures, A. ligulatadeveloped relatively more above ground biomass
compared to below ground biomass under high water (F = 15.03, d.f. = 1, p = 0.0002,
Figure 5.3a, Table 5.7). Under high temperatures, there was no difference in the ratio
of above to below ground biomass between water treatments. Acacia ligulatahad the
highest growth rate under high water and high temperatures (F = 4.30, d.f. = 1, p =
0.04, Figure 5.3b,Table 5.7) and on yellow sands (F = 15.43, d.f. = 1, p = 0.0002,
Figure 5.3c,Table 5.7). Under low temperatures, the SRL of A. ligulata was higher
under high water but the opposite occurred under high temperatures (i.e. higher under
low water; F = 36.20, d.f. = 1, p < 0.0001, Figure 5.3d, Table 5.7). The SRL of A.
ligulatawas also higher on red sand (F = 12.77, d.f. = 1, p = 0.0007, Figure 5.3e, Table
5.7). There was no significant effect of CO2 on the dimensions of A. ligulata.
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Figure 5.3The significant effects of predictors on the growth of A. ligulata including:
a. the interaction of water and temperature on the ratio of above to below ground
biomass, b. the interaction of water and temperature on the relative growth rate,
corrected for starting size (GRc), c. the effect of sand type on GRc, d. the interaction of
water and temperature on the ratio of root length to root mass (specific root length;
SRL), e. the effect of sand type on SRL. Different superscript letters indicate
significant differences in mean estimates among treatment levels at the p = 0.05 level,
based on Tukey‘s Honestly Significant Difference (HSD) post-hoc test results.
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Table 5.7Factorial analysis of variance results for A. ligulataof the ratio of above to
below ground biomass (Ratio), the relative growth rate, corrected for starting size
(GRc), and the ratio of root length to root mass (specific root length; SRL) across sand,
water, temperature and CO2 treatments. Bold text represents significance at the p=0.05
levels.
Coefficient
Sand
Water
Temperature
CO2
Sand:Water
Sand:Temperature
Water:Temperature
Sand:CO2
Water:CO2
Temperature:CO2
Sand:Water:Temperature
Sand:Water:CO2
Sand:Temperature:CO2
Water:Temperature:CO2
Sand:Water:Temperature:CO2

5.4.3

df
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Ratio
F value
3.08
15.64
0.24
0.00
0.01
0.24
15.03
1.85
2.58
0.04
1.36
2.80
0.45
2.75
0.50

Pr(>F)
0.08
0.0002
0.63
0.96
0.93
0.63
0.0002
0.18
0.11
0.84
0.25
0.10
0.51
0.10
0.48

GRc
F value
15.42
0.37
3.08
0.50
0.16
0.13
4.30
1.01
0.00
0.05
0.00
0.16
3.44
0.30
0.46

SRL
Pr(>F)

0.0002
0.54
0.08
0.48
0.69
0.72
0.04
0.32
0.96
0.82
0.95
0.69
0.07
0.58
0.50

F value
12.77
0.27
14.65
0.53
0.00
0.12
36.20
0.94
0.30
0.00
0.27
2.63
0.12
0.68
1.15

Pr(>F)
0.0007
0.61
0.0003
0.47
0.96
0.74
<0.0001
0.34
0.59
0.97
0.61
0.11
0.73
0.41
0.29

Leptospermum coriaceum

Under high temperatures, L. coriaceumdeveloped relatively more above ground
biomass compared to below ground biomass under elevated CO2, but the opposite
occurred under low temperatures (i.e. relatively more below ground biomass compared
to above ground biomass with elevated CO2; F = 49.11, d.f. = 1, p < 0.0001, Figure
5.4a, Table 5.8). Leptospermum coriaceumalso developed relatively more above
ground biomass compared to below ground biomass under high water (F = 5.88, d.f. =
1, p = 0.02, Figure 5.4b, Table 5.8) and on red sands (F = 5.71, d.f. = 1, p = 0.02,
Figure 5.4c, Table 5.8). Under high temperatures, L. coriaceumhad a higher growth
rate under high water on both sand types. However, under low temperatures, the
growth rate was lower on yellow sand under high water with no difference between
the sand types under low water (F = 4.14, d.f. = 1, p = 0.05, Figure 5.4d and e, Table
5.8). The SRL of L. coriaceum was highest under low water and high temperatures (F
= 14.61, d.f. = 1, p = 0.0004, Figure 5.4f, Table 5.8). There was no effect of CO2 on
GRcor SRL of L. coriaceum.
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Figure 5.4The significant effects of predictors on the growth of L. coriaceum
including: a. the interaction of temperature and CO2 on the ratio of above to below
ground biomass, b. the effect of water on the ratio of above to below ground biomass,
c. the effect of sand type on the ratio of above to below ground biomass, d. the
interaction of water and sand type under cold temperatures on the relative growth rate,
corrected for starting size (GRc), e. the interaction of water and sand type under high
temperatures on GRc, f. the interaction of water and temperature on the ratio of root
length to root mass (specific root length; SRL). Different superscript letters indicate
significant differences in mean estimates among treatment levels at the p = 0.05 level,
based on Tukey‘s Honestly Significant Difference (HSD) post-hoc test results.
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Table 5.8Factorial analysis of variance results for L. coriaceumof the ratio of above to
below ground biomass (Ratio), the relative growth rate, corrected for starting size
(GRc), and the ratio of root length to root mass (specific root length; SRL) across sand,
water, temperature and CO2 treatments. Bold text represents significance at the p=0.05
levels.
Coefficient

df

Ratio

GRc

Pr(>F)

Sand
Water

1
1

F value
5.71
5.88

0.02
0.02

F value
5.41
21.07

Temperature
CO2
Sand:Water
Sand:Temperature
Water:Temperature
Sand:CO2
Water:CO2
Temperature:CO2
Sand:Water:Temperature
Sand:Water:CO2
Sand:Temperature:CO2
Water:Temperature:CO2
Sand:Water:Temperature:CO2

1
1
1
1
1
1
1
1
1
1
1
1
1

32.19
6.98
1.20
0.08
0.08
0.02
1.79
49.11
0.01
0.08
0.31
0.71
2.35

<0.0001
0.01
0.28
0.78
0.77
0.88
0.19
<0.0001
0.91
0.78
0.58
0.40
0.13

23.99
0.76
0.32
11.53
14.34
0.88
0.46
23.55
4.14
2.85
1.19
1.88
0.72

SRL
Pr(>F)

0.02
<0.0001

F value
0.44
18.70

Pr(>F)
0.51
<0.0001

<0.0001
0.39
0.58
0.001
0.0004
0.35
0.50
<0.0001
0.05
0.10
0.28
0.18
0.40

2.61
1.04
0.33
0.03
14.61
0.15
1.68
2.89
1.55
1.54
0.47
0.86
0.27

0.11
0.31
0.57
0.86
0.0004
0.70
0.20
0.10
0.22
0.22
0.49
0.36
0.61

5. 5 Discussion
Triodiascariosaand A. ligulatawere predicted to be highly tolerant of hot, dry
conditions; with L. coriaceumwas expected to be relatively less tolerant to high
temperatures and low water conditions. Elevated CO2 was expected to provide a
relatively greater benefit to C3 shrubs than C4 grasses. However, T. scariosawas also
expected to respond to elevated CO2 under low water and/or high temperatures. The
acidic, less fertile, yellow sands were expected to provide relatively better growing
conditions for L. coriaceumand T. scariosacompared to A. ligulata. Higher
temperatures were expected to further enhance the growth of T. scariosaon yellow
sands.

The results largely support predictions about the way that climate, soils and
atmospheric CO2 concentrations determine the growth of key grass and shrub species
from the Mediterranean region of south eastern Australia. For example, A. ligulataand
T. scariosaexhibited strong tolerance for drought conditions, with T. scariosa having
relatively greater growth under higher temperatures and L. coriaceumbeing relatively
less tolerant of hot, dry conditions. However, interactions between climate factors,
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CO2 and soils added complexity to growth responses in some cases. In addition, the
prediction that elevated CO2 would provide relatively greater benefit to C3 shrubs
compared to the C4 grass was not observed. Instead, interactions between CO2 and
other factors influenced the growth of T. scariosaand L. coriaceumwith no effect of
elevated CO2 detected for A. ligulata.
Based on the assumption that growth metrics represent better survival, reproduction
and species persistence, the results suggest that the present-day composition of mallee
communitiesacross south eastern Australia can be expected to change in the future due
to changes in rainfall, temperature and CO2. The results provide evidence that the
distribution of soils across the landscape may facilitate the southerly expansion of
semi-arid T. scariosa-dominated mallee woodlands, corresponding with a decline in
temperate mallee heathlands, under a warmer, drier climate in the future, supporting
the hypothesis ofKeeleyet al. (2012).

Understanding responses of species that are representative of a larger group (i.e. a
plant functional type; PFT) can be an effective framework for developing a
mechanistic understanding of community-level responses to fire (Keith et al. 2002;
Driscoll et al. 2010). The two shrub species examined in this study represent two
differentPFTs that occur in the region (i.e. A. ligulata is an obligate seeder, while L.
coriaceumis a resprouter). However, an assessment of the degree to which the growth
responses of these species are representative of their respective PFTs was beyond the
scope of this study. Further research would be required to confirm whether the
environmental determinants of the growth of A. ligulataand L. coriaceumare indeed
representative of each plant functional type by examining the responses of a greater
number of shrub species from the region.
5.5.1

Effects of elevated CO2 in interaction with climate and soils

The results did not directly support the prediction of a greater benefit of elevated CO2
to C3 shrubs compared to the C4 grass, which is probably because effects of elevated
CO2 were not examined in isolation, as in many other studies (e.g. (Bazzaz 1990;
Polley et al. 1994; Ziska 2001; Manea and Leishman 2011). Climate and soils had a
relatively greater influence on the growth of A. ligulata, as no effects of elevated CO2
were detected. By contrast, elevated CO2 had opposite effects under high and low
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temperatures on the allocation of biomass in L. coriaceum. In addition, elevated CO2
influenced the growth of T. scariosavia interactions with climate and soils across each
measure of growth (i.e. the ratio of above to below ground biomass, GRc and SRL).
The results support previous research suggesting interactions of CO2 with other factors
(i.e. climate and soils) may produce differing results on plant growth compared to
effects of elevated CO2 alone (Coleman and Bazzaz 1992; Wand et al. 1999; Wang et
al. 2011).

Previous research suggests the effects of soil desiccation may be neutralised with
elevated CO2 for C4 plants (Morgan et al. 2011). As such, T. scariosawas predicted to
have increased growth with elevated CO2 under low water. The resultslargely support
this prediction, though interactions with soils added complexity. The growth rate of T.
scariosaincreased with elevated CO2 under low water on yellow sands (Figure 5.2d
and e). The results suggest that elevated CO2 may reduce effects of soil desiccation in
the future, increasing the growth and abundance of T. scariosaon yellow sands that
dominate the south of the region.

Elevated CO2 also increased the allocation to below ground biomass in T. scariosa
under high temperatures (Figure 5.2a) and high water (Figure 5.2b). For L. coriaceum,
elevated CO2 increased the allocation to below ground biomass under low
temperatures, but not under high temperatures. By contrast, there was no effect of
elevated CO2 on the ratio of above to below ground biomass of A. ligulata. Previous
research suggests that elevated CO2 may enhance resprouting capacity in woody
shrubs (Bond and Midgley 2000; Hoffmann et al. 2000; Bond and Midgley 2012).
Given that T. scariosaand L. coriaceumpredominantly recover from fire through
vegetative resprouting, while A. ligulatais an obligate seeder, the results may indicate
an enhanced capacity for resprouting with elevated CO2 for T. scariosaunder high
temperatures and for L. coriaceum under low temperatures.

5.5.2

Other environmental controls

As predicted, A. ligulatashowed strong tolerance for high temperatures and low water
conditions, with no difference in growth rate (GRc) of A. ligulataunder high
temperatures and low water compared to low temperatures and high water (Figure
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5.3b). Similarly, there was no difference in the ratio of above to below ground biomass
under high temperatures between high and low water (Figure 5.3a). The SRL of A.
ligulatawas higher under high temperatures and low water (Figure 5.3d), which may
indicate the mechanism by which A. ligulata achieves high drought tolerance (i.e. A.
ligulata extends root length in search of water (benefit) while reducing investment into
root mass (cost; Eissenstat and Yanai 1997; Ostonen et al. 2007). As predicted, L.
coriaceumhad relatively lower tolerance to drought conditions compared to A.
ligulata. The relatively higher allocation to below ground biomass under low water
(Figure 5.4b) indicates that the growth of L. coriaceummay be reduced under dry
conditions.

Temperature was a strong determinant of the growth of T. scariosa, with relatively
greater allocation to above ground biomass under high temperatures, even under low
water conditions (Figure 5.2c). The C4 photosynthetic pathway acts as a CO2
concentrating mechanism and effectively eliminates photorespiration, greatly
improving the overall efficiency of photosynthesis. As high temperatures stimulate
plant growth, C4 plants may have higher growth under high temperatures, even under
dry conditions due to enhanced water use efficiency provided by the C4 pathway
(Ehleringer and Monsons 1993; Sage et al. 1999). Given that relatively greater
allocation to below ground biomass is a strategy common to plants under nutrient or
water limited conditions (Aerts and Chapin 2000), a reduced allocation to below
ground biomass by T. scariosaunder high temperatures and low water is consistent
with an increase in resource capture via improved water use efficiency. The results
support predictions of T. scariosa being highly drought tolerant with enhanced growth
under high temperatures. In addition, the results suggest that yellow sands provide
relatively better growing conditions for T. scariosaunder high temperatures compared
to red sands (i.e. the SRL of T. scariosa was lower on yellow sands under high
temperatures; Figure 5.2g). These results are consistent with previous research on the
relative influence of temperature, moisture and soils, which found that high
temperatures

and

yellow sands

consistently promoted the growth of

T.

scariosa(Chapter 4).

Leptospermum coriaceumdeveloped relatively more above ground biomass on red
compared to yellow sands (Figure 5.4e), which suggests L. coriaceummay acquire
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below ground resources relatively more easily on the more fertile red sands.However,
under high water, high temperatures stimulated L. coriaceumgrowth (GRc) such that
the limitations imposed by yellow sands, apparent under low temperatures, were
alleviated. Therefore, the results indicate the potential for enhanced growth of L.
coriaceumon yellow sands, which is inconsistent with the expectation that the
relatively more acidic, nutrient-poor yellow soils select for plants with small, hard
sclerophyllous leaves (Keeley et al. 2011; Midgley and Bond 2011), but only under
certain conditions via interactions between temperature, moisture and soils. Given that
the growth of L. coriaceumwas consistently low under low water treatments (Figure
5.4d and e), a warmer, drier climate in the future may reduce the potential advantage
of the less fertile, acidic yellow sands for L. coriaceum, and possibly other
sclerophyllous shrubs.

5.5.3

Future Implications

Across the Mediterranean region of south eastern Australia, temperatures are projected
to rise by 4-5° Celsius, precipitation is projected to decline by 5-20% by 2070
(Suppiah et al. 2007) and atmospheric CO2 is expected to continue to increase
(Friedlingstein et al. 2006; Fraser and Raupach 2011). Such changes in temperature,
moisture and CO2, in association with the distribution of soils across the landscape are
likely to drive changes in community composition in this region.The present-day
distribution of T. scariosaroughly aligns with the distribution of sand types (i.e. T.
scariosa is common across the red sands in the north and occurs in low abundance
across the yellow sands in the south). However, the results suggest that reduced
temperature, rather than the distribution of sand types, is likely to control the presentday distribution of T. scariosaacross the Mediterranean climate region of south eastern
Australia. Given that yellow sands enhanced T. scariosagrowth under high
temperatures and elevated CO2, the results suggest that the distribution of soils may be
predisposed to favour the southerly expansion of semi-arid, T. scariosa-dominated
mallee woodlandsacross the south of the region in the future.

Temperature and moisture were key determinants of the growth of A. ligulata, with
high drought tolerance enabling enhanced growth under high temperatures. Yellow
sands also enhanced the growth of A. ligulata. As such, future declines in rainfall and
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increases in temperature may promote the growth and abundance of A. ligulataon
yellow sands in the south of the region. Although yellow sands promoted L.
coriaceumgrowth under high temperatures and high water, future declines in rainfall
may eliminate potential benefits of yellow sands for L. coriaceum. Overall, the results
suggest the yellow sands in the south of the region are likely to promote an increased
growth and abundance of T. scariosaand A. ligulata, but not L. coriaceum, under
warmer, drier, elevated CO2 conditions in the future.
Within the mallee heathlands across the yellow sands in the south of the region, higher
fire frequency may be expected to occur in the short term due to warmer, drier
conditions and the increased incidence of fire weather (e.g. an increase in the number
of days with elevated fire danger indices; Hennessy et al. 2006; Bradstock et al. 2009;
Enright et al. 2012). As an obligate seeder, A. ligulatamay be expected to decline in
abundance with such increases in fire frequency (Pausas and Bradstock 2007). The
potentially lower growth rate of L. coriaceum(and possibly other sclerophyllous
shrubs) coupled with the higher growth rate and potentially enhanced resprouting
capability of T. scariosamay drive a switch in understory dominance from woody
shrubs to T. scariosaacross the yellow sands in the south of the region. The results
provide evidence to support the hypothesis of Keeleyet al. (2012) that future changes
in temperature and moisture across southern Australia may promote the southern
expansion of dominance of C4 grasses, like Triodia sp. and the subsequent decline of
diverse Mediterranean-type vegetation (MTV, e.g. temperate mallee heathlands),
given that the continental edge of Australia limits any potential southerly migration of
MTV communities.

Previous research suggests that the probability of fire is independent of fuel age in
thesemi-arid mallee woodlands that dominate the north of the Mediterranean climate
region of south eastern Australia (Chapter 3). By contrast, fire frequency is higher and
the probability of fireis positively associated with fuel age in the temperate mallee
heathlands that dominate the yellow sandsacross the south of the region (Chapter 3).
Fire regimes may be expected to change across the Mediterranean climate region of
south eastern Australia in the long-term, according to changes in community states
from temperate mallee heathlands to semi-arid Triodia-dominated mallee woodlands
(i.e. a decline in fire frequency and fuel-age dependency).
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5.5.4

Further Research

The results provide evidence to suggest that community states and fire regimes may
change across the yellow sands that dominate the south of the region in the future.
However, insight into potential future changes in the semi-arid mallee woodlands
across the north of the region is limited because experimental treatments were
restricted to the mean temperature and rainfall that presently occur in the north and did
not explore the effects of warmer or drier conditions. In addition, the response of
ephemeral fuels to the experimental treatments was not investigated. The occurrence
of fire in the semi-arid mallee woodlands is linked to years following extreme La Nina
events as the rapid response of ephemeral herbaceous fuels increases the biomass
available for burning (authors‘ unpublished data; Bradstock and Cohn 2002;
O'Donnell et al. 2011). Further research into the response of ephemeral fuelsto
changes in temperature, moisture and CO2 in association with soils is required to
provide insight into how the fuel dynamics and fire regimes in semi-arid mallee
woodlands may be expected to change in the future.

The increased allocation to below ground biomass in response to elevated CO2, in
interaction with temperature in T. scariosaand L. coriaceumis suggestive of a potential
enhanced capacity for resprouting. While previous research has reported enhanced
resprouting capacity in woody shrubs (Bond and Midgley 2000; Hoffmann et al. 2000;
Bond and Midgley 2012), further research would be required to provide direct
evidence that the increased allocation to below ground biomass results in an improved
resprouting capacity for L. coriaceumand T. scariosa. Experiments in controlled
environment chambers under various combinations of temperature and CO2
treatments, where resprouting was stimulated through destruction of above ground
biomass by cutting vegetation or burning, would allow for quantitative measurements
of effects elevated CO2 and temperature on resprouting ability in T. scariosaand L.
coriaceum, as well as other resprouting shrub species from the Mediterranean region
of south eastern Australia.
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6

RESEARCH SYNTHESIS

Herbaceous and woody plants exhibit different patterns of growth, fuel accumulation
and flammability(Walker 1981; Bradstock 2010; O'Connor et al. 2011). As such, grass
and shrub-dominated fuel systems can be expected to respond to variation in resource
availability in contrasting ways, with corresponding effects on fire regimes (Walker
1981; McCarthy et al. 2001; Allan and Southgate 2002; Moritz 2004; Murphy et al.
2013). Transitional systems that contain a mixture of grasses and woody plants and
occur across environmental gradients are ideal systems in which to examine processes
driving fuel types and corresponding fire regimes. Changes in temperature, moisture
and atmospheric CO2 in the future have the potential to lead to changes in the relative
mix of grasses and woody plants, which may alter community states and fire regimes.
This thesis attempted to provide insight into the processes controlling the relative
cover of shrubs and grasses, and corresponding effects on fire regimes, along a climate
gradients and between differing soil types with abrupt boundaries in the Mediterranean
climate region of south eastern Australia. The present chapter summarises the key
findings of the study relating to processes controlling community states and fuel types
(6.1), consequent effects on fire regimes (6.2), followed by a discussion of the
implications to future fire regimes and management (6.3) and future research (6.4).
6. 1 Processes controlling community states and fuel types
6.1.1

Environmental determinants

A transition occurs from predominantly grass cover to woody shrub cover as rainfall
increases and sand types change from north to south (Chapter 2; Pausas and Bradstock
2007)), in line with expectations given the transitional nature of the region between
grass-dominated arid communities to the north and shrub-dominated temperate
communities to the south. As patterns in total rainfall, temperature and soils are partly
confounded across the region, the influence of these factors in controlling the
distribution of fuel types and community states across the region were investigated
further.

Evidence from field measurements indicated that a decline in T. scariosacover
occurred in a southward direction across the red sands, as rainfall increased and
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temperatures decreased, but there was no effect of sand type on T. scariosacover at
high rainfall where the sand types co-occur in the landscape (Figure 6.1; Chapter 2).
Experimental insights revealed T. scariosaexhibited higher growth rates under hot
compared to cold temperatures (Chapter 4 and 5). This was consistent with
expectations, given that T. scariosa utilises the C4 photosynthetic pathway, which
enhances photosynthesis and water-use efficiency under warmer temperatures
(Ehleringer and Monsons 1993; Sage et al. 1999; Osbourne and Freckleton 2009).
However, the experiments also revealed that the less fertile yellow sands enhanced the
growth of T. scariosa(Chapter 4), particularly under high temperatures and elevated
CO2 (Chapter 5; Figure 6.1). This result was unexpected given that T. scariosacover is
presently high across the red sands in the north and low on the yellow sands in the
south. As such, temperature appears to override the effect of sand in controlling the
present-day cover of T. scariosaacross the region. The results suggest an increase in
temperature and atmospheric CO2 in the future has the potential to promote the growth
of T. scariosaacross the yellow sands within contemporary temperate mallee heathland
communities in the south of the region.

Evidence from field measurements revealed that shrub cover was significantly higher
on yellow compared to red sands at high rainfall (Chapter 2; Figure 6.1). This is
consistent with expectations, given that acidic, nutrient-poor soils favour plants with
small, hard sclerophyllous leaves (Kraus et al. 2003; Orians and Milewski 2007; Ojeda
et al. 2010; Keeley et al. 2011; Midgley and Bond 2011). However, experimental
insights suggest that different species of woody shrubs may exhibit independent
responses to variations in climate and soil conditions. For example, A. ligulata
exhibited a strong tolerance of high temperature and low moisture conditions and had
consistently higher growth on yellow sands. By contrast, L. coriaceum was relatively
less tolerant of high temperature and low moisture conditions, and yellow sands
promoted growth under high compared to low temperatures only under high water
(Chapter 5; Figure 6.1). The results suggest that the effects of climate change on
woody shrub species may be specific to species or functional groups. For example,
future declines in rainfall may be expected to reduce potential benefits of yellow sands
for L. coriaceum, but not A. ligulata. Although only two different shrub species were
examined in this study, these species represent two common functional types that
occur within temperate mallee heathland vegetation: i.e. shrub obligate seeders (A.
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ligulata)and resprouters (L. coriaceum). As such, the results are expected to be
reasonably indicative of the types of responses of other shrub species in this
community, although further research would be required to test whether the responses
are representative of each functional type.

Figure 6.1Summary of the relative difference in Triodia (T) and shrub (S) cover
between each combination of sand, temperature and rainfall that occurs across the
landscape under current climate conditions (ambient CO2) and under the conditions
that are expected to occur in the future (elevated CO2, high temperatures and low
rainfall). ‗x‘ represents conditions that do not currently occur (high temperatures,
under low on yellow sands) and are not expected to occur in the future (cold
temperatures and high rainfall on yellow or red sands). The symbols ‗-‘, ‗+‘ and ‗++‘
represent relative differences in cover, in ascending order of magnitude. There is some
uncertainty regarding the potential responses of shrubs to future conditions,
particularly on yellow sands, as denoted by ‗?‘

6. 2

Competition

The observational field study that tested for competitive interactions across rainfall,
TSF and soil categories found evidence of intraspecific competition between T.
scariosaindividuals and between woody shrub individuals. However, there was no
evidence of competitive suppression of T. scariosaby woody shrubs (Chapter 2),
which was hypothesised as a potential mechanism driving the switch in fuel systems
across the region. In addition, no evidence was found of competitive suppression of T.
scariosaby woody shrubs in the plant growth experiment, which separated the effects
of rainfall, temperature and soils that are partly confounded in the field (Chapter 4).
The results suggest that resource partitioning may occur between grasses and shrubs
across the region, which may be expected under resource-limited conditions (Aerts
1999; Schenk and Jackson 2002).
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There is evidence to suggest that grasses may exert competitive suppression of woody
shrubs (Bond 2008; Nano and Clarke 2010), but potential competitive suppression of
shrubs by T. scariosa was not examined in this study, due to logistical constraints.
Given that environmental factors have been shown to have a strong influence on the
relative growth of T. scariosaand woody shrubs across the region (Chapter 2, 4 and 5),
environmental conditions that favour T. scariosamay be expected to increase the
competitive suppression of woody shrubs (Briones et al. 1998; Maestre et al. 2003;
Eggemeyer et al. 2009; Throop et al. 2011). As such, it may be difficult or impossible
to disentangle the roles of environmental factors versus competitive suppression of
woody shrubs by T. scariosa in determining the differences in fuel systems across the
Mediterranean region of south eastern Australia. Nonetheless, the results indicate that
environmental factors have an overriding influence on the relative growth of T.
scariosaand woody shrubs and the switch in fuel systems across the region.
6. 3 Effects on fuel dynamics and fire regimes
The investigation of effects of rainfall, soil and vegetation types (i.e. shrub vs grassdominated) on the relationship between fuel-age and fire hazard (i.e. the instantaneous
probability of burning; (McCarthy et al. 2001) revealed that fire frequency increased
with increasing rainfall, irrespective of soil and vegetation types (Chapter 3). This is
consistent with predictions based on the general relationships between productivity
(i.e. moisture availability) and fire (Bond and Keeley 2005; Pausas and Bradstock
2007). In addition, rainfall, soil and vegetation types influenced the relationship
between fuel-age and fire hazard, whereby fire was independent of fuel age in semiarid mallee woodland communities at low rainfall on red sands (i.e. across the north of
the region), but fuel-age had a positive effect on fire hazard in the temperate mallee
heathlands on yellow sand at high rainfall (Chapter 3). The results indicate that fire
regimes follow predictions based on the transitional nature of the Mediterranean
region of south eastern Australia between the grass-dominated arid systems to the
north of the region (low fire frequency, unrelated to fuel-age) and the shrub-dominated
temperature systems to the south (relatively higher fire frequency with fire hazard
influenced by patterns of fuel accumulation; (Walker 1981; McCarthy et al. 2001;
Allan and Southgate 2002)
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Soil fertility influenced fire hazard, but the effect varied between vegetation types.
Within a given level of rainfall, increases in soil fertility increased fire frequency in
semi-arid mallee woodlands (i.e. grass-dominated understory) but reduced fire
frequency in temperate mallee heathlands (i.e. shrub-dominated understory; Chapter
3). Within the temperate mallee heathlands, a reduction in soil fertility also
corresponded with a greater dependence on fuel age at high rainfall (Chapter 3).
Acidic, nutrient-poor soils favour plants with small, hard sclerophyllous leaves that
accumulate highly flammable, polyphenolic compounds, which increases the
propensity for fire and also lowers litter decomposition rates thus favouring the
accumulation of fuel with time since fire (Kraus et al. 2003; Orians and Milewski
2007; Ojeda et al. 2010; Keeley et al. 2011; Midgley and Bond 2011). Such an effect
of soils on the selection of plant traits may account for the observed effects of soil type
on fire frequency and fuel-age dependency within shrub-dominated communities.
Overall, the results suggest that the effect of soil fertility on the selection of plant traits
and the corresponding influence on fire may override effects that ensue from the
influence of moisture on fire. Conceptual models of the relationship between
productivity and fire frequency need to account for such complexity due to
interactions between moisture availability, soil fertility and vegetation types.
6. 4 Implications for future fire regimes and management
6.4.1

Contemporary fire management

Prescribed burning may be less effective at reducing the area burned by unplanned fire
where fuel amount is already naturally limiting (e.g. arid – central Australia; King et
al. 2013). Fire in the semi-arid mallee woodlands that dominate the north of the region
is independent of fuel age and linked to the increased biomass of ephemeral fuels
following sporadic periods of heavy rainfall. As such, prescribed burning for the
purpose of hazard reduction may be ineffective, as fuel mass generally limits the
spread of fire. Most of the area burned inthis community is historically due to a small
number of fires that burn large areas, often followingextreme La Nina years (authors‘
unpublished data; Noble and Vines 1993; Bradstock and Cohn 2002), which is likely
to be due to the rapid response of ephemeral herbaceous fuels to favourable
conditions, creating an increase in biomass available for burning. Strategic prescribed
burning during periods following heavy rainfall may provide critical fuel breaks to

124

protect long un-burnt vegetation (Willson 1999). Previous research in these mallee
woodlands highlights the importance of the long-term development (i.e. >100 years)
of some critical habitat resources, such as the mature canopy layer and tree hollows
(Haslem et al. 2011). Therefore, fire management that protects long un-burnt
vegetation would also be advantageous for fauna habitat conservation.

Whilefire hazard is related to fuel-age within the temperate mallee heathlands on
yellow sand at high rainfall, the relationship is relatively weak, similar to reports from
other Mediterranean-type shrubland ecosystems (Moritz 2004; van Wilgen and al
2010; O'Donnell et al. 2011). Most fires in Mediterranean-type shrubland ecosystems
are more strongly influenced by the occurrence of extreme fire weather and dry
conditions in the antecedent year (i.e. low fuel moisture content) than on the age and
spatial patterns of fuels (Moritz et al. 2004; Van Wilgen et al. 2010). As such,
implementation of prescribed burning for hazard reduction in temperate mallee
heathlands communities is unlikely to be an effective means of reducing the
probability of subsequent fire.
6.4.2

Future fire regimes

Higher fire frequency may be expected to occur within temperate mallee heathlands
across the south of the region in the short term due to predicted warmer, drier
conditions and the increased incidence of fire weather (e.g. an increase in the number
of days with elevated fire danger indices; Hennessy et al. 2006; Bradstock 2010;
Enright et al. 2012). Given that the results suggest that fire in semi-arid mallee
woodlands across the north of the region is limited by fuel connectivity, except when
ephemeral fuels respond to periods of heavy rainfall, the predicted increased incidence
of fire weather conditions may not be expected to promote increased fire frequency in
semi-arid mallee woodlands. Rather, the increased incidence of fire weather in the
future may be expected to reduce fuel mass in semi-arid mallee woodlands, further
lowering fire frequency (Bradstock 2010; King et al. 2013).

Changes in temperature, moisture and CO2, in association with the distribution of soils
across the landscape have the potential to drive changes in community states due to
differential growth responses of grasses and shrubs. Increases in temperature and
atmospheric CO2 in the future may be expected to promote the growth and abundance
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of T. scariosa across the yellow sands in the south of the region (Chapter 5), where T.
scariosacurrently occurs in low abundance within the temperate mallee heathlands
(CHAH 2013). As an obligate seeder, A. ligulatamay be expected to decline in
abundance with increased fire frequency (Pausas and Bradstock 2007), which is
predicted to occur in the short-term. In addition, L.coriaceum(and possibly other
sclerophyllous shrubs) may decline in abundance due to lower growth rates under
warmer, drier conditions. While the results provide some insight into potential
responses of shrubs from contrasting functional types that commonly occur these
communities, the responses of a larger number of shrub species would be required to
confirm whether the results reported here are indeed representative of each functional
type. Nonetheless, potential declines in shrub cover, coupled with higher growth rate
and enhanced resprouting capability of T. scariosa(Chapter 5) may drive a switch in
understory dominance from woody shrubs to T. scariosaacross the yellow sands in the
south of the region in the future.

The future implications of our results support the hypothesis of Keeleyet al. (2012)
that changes in temperature and moisture across southern Australia may promote the
southern expansion of dominance of C4 grasses, like Triodia sp. and the subsequent
decline of diverse Mediterranean-type vegetation (MTV, e.g. temperate mallee
heathlands), given that the continental edge of Australia limits any potential southerly
migration of MTV communities. Such changes in community states have the potential
to ultimately lead to long-term changes in fire regimes across the Mediterranean
climate region of south eastern Australia. Given that fire frequency and fuel-age
dependency differ between semi-arid mallee woodlands and temperate mallee
heathlands, fire regimes would be expected to correspond with changes in community
states. A switch in community states from temperate mallee heathlands to semi-arid
mallee woodland is likely to result in a decline in fire frequency and fuel-age
dependency.

Mediterranean climate regions are some of the most floristically diverse landscapes in
the world (Myers et al. 2000; Keeley et al. 2012). Heathland and sclerophyll shrubby
woodlands in temperate Australia are rich in biodiversity, and fire is intimately linked
with the ecology of many local plant and animal taxa (Friend 1993; Keith et al. 2002;
Enright et al. 2012). Changes in the nature of fire regimes, particularly the length of
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inter-fire intervals, may pose a risk of local extinction if fire regimes become less
favourable to the persistence of species in these landscapes. As such, the implications
of a potential expansion of semi-arid mallee woodlands into contemporary temperate
mallee heathland communities and associated changes in fire regimes, as suggested by
the results presented in this thesis, raise serious concern for biodiversity loss in MTV
in Australia.
6.4.3

Future Research

The results indicate that responses of woody shrubs to variation in temperature,
moisture, soils and CO2 may be specific to species or functional groups. The woody
shrub species included in this study have contrasting physiology; A. ligulatais a
leguminous (N2-fixing), obligate seeder shrub, whereas L. coriaceumis a nonleguminous resprouter shrub. Further research examining the relative growth
responses of a wider range of woody shrub species, including several species within
different functional types, would provide greater predictive ability regarding potential
declines in shrub cover in the temperate mallee heathlands in the future.

The response of ephemeral fuels to variation in moisture, temperature, soils and CO2
were not investigated in the present study, due to logistical constraints. Given that the
occurrence of fire in the semi-arid mallee woodlands is linked to increases inthe
biomass of ephemeral fuelsshortly following extreme La Nina events (authors‘
unpublished data; Noble and Vines 1993; Bradstock and Cohn 2002), further research
into the response of ephemeral fuels to changes temperature, moisture and CO2 in
association with soils would provide insight into how fuel dynamics and fire regimes
in semi-arid mallee woodlands may be expected to change in the future.

Increases in temperature and atmospheric CO2 and declines in rainfall that are
projected to occur in the future have the potential to promote the abundance of C4
grass within temperate mallee heathlands across the Mediterranean climate region of
south eastern Australia, which may lead to altered community states and fire regimes.
Further research is required to investigate the potential for the expansion of C4 grasses
and displacement of temperate shrublands in other regions around the world. Regions
where grasslands containing C4 species abut Mediterranean shrublands, for example,
the South African Fynbos(Cowling 1983), may be particularly susceptible to altered
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community states and fire regimes in the future. Such changes would ultimately
depend on the balance between changes in temperature and rainfall that occur in the
local region and the relative responses of grasses and shrubs to variations climate
factors, in association with the distribution of soils.
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